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3Kurzdarstellung
Die vorliegende Dissertation „Strain, charge carriers, and phonon polaritons in wurt-
zite GaN - a Raman spectroscopical view“ befasst sich der ramanspektroskopischen
Charakterisierung von Galliumnitrid (GaN). Der Zusammenhang zwischen Wafer-
krümmung und mechanischer Restspannungen wird diskutiert. Mit Hilfe konfokaler
Mikro-Ramanmessungen wurden Dotierprofile nachgewiesen sowie die Ladungsträ-
gerkonzentration und -beweglichkeit ermittelt. Sämtliche Ramantensorelemente von
wz-GaN wurden erstmals durch die Anwendung verschiedener Streugeometrien be-
stimmt. Eine neu entwickelte Vorwärtsstreuanordnung ermöglichte die Beobachtung
von Phonon-Polaritonen. Es konnte gezeigt werden, dass von der theoretischen und
experimentellen Betrachtung der Ramanstreuintensitäten dieser Elementaranregun-
gen eindeutig das Vorzeichen der Faust-Henry-Koeffizienten von wz-GaN abgeleitet
werden kann. Im Rahmen dieser Arbeit wurden alle Faust-Henry-Koeffizienten für
GaN experimentell bestimmt.
Abstract
This thesis "Strain, charge carriers, and phonon polaritons in wurtzite GaN - a Ra-
man spectroscopical view" focuses on special aspects of the Raman spectroscopical
characterization of wurtzite gallium nitride (wz-GaN). The correlation between wafer
curvature and residual stress is discussed. By means of confocal micro-Raman mea-
surements doping profiles were detected as well as the density and mobility of free
charge carriers were deduced. All Raman scattering cross sections of wz-GaN were
determined the first time using different scattering configurations. A novel method for
near-forward scattering was developed in order to observe phonon polaritons with
pure symmetry. It is shown that the theoretical and experimental consideration of the
Raman scattering efficiency of these elementary excitations allow for determining the
sign of the Faust-Henry coefficients of wz-GaN unambiguously. The Faust-Henry co-
efficients of GaN were deduced from Raman scattering efficiencies of corresponding
TO and LO phonons.
4Thesen zur Dissertation
1. Die Nitride der dritten Hauptgruppe (AlN, GaN, InN) bilden ein herausragen-
des Materialsystem im Hinblick auf opto- und mikroelektronische Anwendungen
im Hochfrequenz-, Hochleistungs- und Hochtemperatur-Bereich. Besonders der
Einsatz dieser Materialien zur Realisierung von weißen Leuchtdioden scheint sehr
vielversprechend zu sein.
2. Im Rahmen dieser Arbeit wurde die Ramanspektroskopie als vielseitige und
empfindliche Methode zur Charakterisierung von hexagonalem GaN mit Wurt-
zitstruktur eingesetzt. Die Ergebnisse ergänzen Resultate, die zum Beispiel mittels
Röntgenbeugung oder Photolumineszenzmessungen erzielt wurden. Die Anwen-
dung der Mikro-Ramanspektroskopie ist weit verbreitet. Im speziellen haben die
Messungen den Vorteil, dass sie sowohl zerstörungsfrei als auch berührungs-
los sind und eine exzellente laterale Auflösung bieten. Bei Materialien, die für
die verwendete Anregungswellenlänge transparent sind, kann durch den Einsatz
der konfokalen Technik eine hohe Tiefenauflösung erreicht werden.
3. Der Einfluss mechanischer Spannungen auf Ramanmoden wurde diskutiert und
an einem ausgewählten Beispiel demonstriert. Mit Hilfe konfokaler Ramanmes-
sungen wurde die Änderung von mechanischen Restspannungen in epitaktisch
abgeschiedenen GaN-Schichten untersucht. Die Ergebnisse bestätigen die Krüm-
mung der Schichtsysteme als einen wirkungsvollen Relaxationsmechanismus ther-
misch induzierter Verspannung. Die thermische Verspannung wird durch den
Unterschied der thermischen Ausdehnungskoeffizienten von GaN und dem ver-
wendeten Saphir-Substrat hervorgerufen. Die experimentell ermittelte Krümmung
der untersuchten Proben wurde mit theoretischen Werten verglichen. Dazu wur-
den die Krümmungsradien mit Hilfe eines von Etzkorn und Clarke etablierten
mechanischen Krümmungsmodells und eines FEM-Modells simuliert. Die Limi-
tierung der Anwendbarkeit des Etzkorn/Clarke-Modells hinsichtlich der Proben-
kenngrößen (a) GaN-Schichtdicke und (b) Radius der Substratscheibe wurden
aufgezeigt und diskutiert. FEM-Rechnungen rechtfertigen, auf das Etzkorn/Clarke-
Modell zurückzugreifen, um die spektrale Position der E2,high Ramanmode in Ab-
hängigkeit der GaN-Schichtdicke zu simulieren.
4. Ferner wurden gekoppelte LO-Phonon-Plasmon-Moden untersucht, um die Kon-
zentration und Beweglichtkeit freier Ladungsträger aus gemessenen Frequenzen,
Halbwertsbreiten und Intensitäten zu ermitteln. Das Dotierprofil eines (0001) ori-
entierten GaN Einkristalls wurde ermittelt und direkt mit dem Wachstumsprozess
korreliert. Die Ergebnisse liefern eine wertvolle Rückkopplung an die Kristall-
züchter. Insbesondere sind die konfokalen Ramanmessungen in Rückstreuan-
5ordnung bedeutungsvoll, da sie (a) zerstörungsfrei ausgeführt werden und (b)
E1(LO) Phononen und damit gekoppelte LO-Phonon-Plasmonmoden in Rückstreu-
geometrie von Oberflächen senkrecht zur c-Richtung nicht zugänglich sind. Aus
der Anpassung der Linienform der beobachteten L+-Mode mit Hilfe eines di-
elektrischen Modells konnte die Ladungsträgerkonzentration und -beweglichkeit
ermittelt werden. Die erhaltenen Ergebnisse stimmen gut mit denen von Hall-
Messungen überein.
5. Die Anwendung des dielektrischen Modells zur Ermittlung der Ladungsträger-
konzentration und -beweglichkeit setzt die Kenntnis der Faust-Henry-Koeffizienten
voraus. Während in kubischen Einkristallen ein Koeffizient ausreicht, gibt es für
Einkristalle mit Wurtzitstruktur aufgrund der Symmetrie drei solche Koeffizien-
ten. Bisher ist in der Literatur nur der Faust-Henry-Koeffizient CFHa mit voneinan-
der abweichenden Werten und Vorzeichen bekannt. In Abhängigkeit vom Vor-
zeichen des Koeffizienten überlagern sich Beiträge der Gitterverformung und
des begleitenden makroskopischen elektrischen Feldes zur Ramanstreuintensität
konstruktiv oder destruktiv.
6. Die Faust-Henry-Koeffizienten können aus dem Verhältnis der Ramanstreuinten-
sitäten der entsprechenden LO- und TO-Phononen ermittelt werden. Zur Bestim-
mung aller Streuintensitäten wurden systematische Ramanmessungen an undo-
tierten GaN-Einkristallen mit unterschiedlichen Streuanordnungen ausgeführt.
Erstmals werden die relativen Ramanstreuquerschnitte aller Ramanmoden von
GaN zusammenhängend ermittelt.
7. In der vorliegenden Arbeit wird auf die Bestimmung der Faust-Henry-Koeffizienten
in besonderer Weise eingegangen. Dies schließt die Untersuchung der Tempera-
turabhängigkeit mit ein. Ausgehend von den experimentell ermittelten Raman-
streuquerschnitten wurden die Faust-Henry-Koeffizienten berechnet. Allerdings
gibt es für jeden der drei Koeffizienten zwei mögliche Lösungen. Die Betrachtung
der Ramanstreuintensitäten von Phonon-Polaritonen ermöglicht, das Vorzeichen
der Faust-Henry-Koeffizienten eindeutig zu bestimmen. Phonon-Polaritonen sind
in einer Vorwärtsstreuanordnung zugänglich.
a) Die theoretischen Ausdrücke für die Ramanstreuintensitäten für Phonon-
Polaritonen in uniaxialen Kristallen wurden hergeleitet. Im Grenzfall für
große Beträge übertragener Wellenvektoren beschreiben diese Gleichun-
gen das Verhalten der polaren Phononmoden.
b) Ein neuartige Experimentieranordnung für die Vorwärtsstreuung wurde ent-
wickelt. Dazu wurde vor die Eingangsoptik des Spektrometers ein Schirm
mit einem rechteckig zu öffnenden Fenster gesetzt. Dies ermöglicht die De-
6tektion von Phonon-Polaritonen mit reiner E1 oder A1 Symmetrie in Ab-
hängigkeit des übertragenen Wellenvektors. Die experimentellen Resultate
zeigen eine exzellente Übereinstimmung mit den theoretisch berechneten
Dispersionkurven als Funktion des übertragenen Wellenvektors für ordent-
liche und außerordentliche Polaritonen.
c) Die experimentell ermittelten Ramanstreuintensitäten der Phonon-Polarito-
nen wurden mit berechneten Intensitäten verglichen. Zur Berechnung wur-
den die vorher abgeleiteten theoretischen Ausdrücke herangezogen. Der
Vergleich schließt die Lösung der Faust-Henry-Koeffizienten mit positivem
Vorzeichen aus. Für wz-GaN ergeben sich die drei Koeffizienten daher zu
CFHa = -3.46, C
FH
b = -3.81 und C
FH
c = -2.31.
8. Die ermittelten Ramanstreuquerschnitte und die bestimmten Faust-Henry-Koeffi-
zienten wurden genutzt, um alle Ramantensorelemente für GaN relativ zum
dem Tensorelement des nicht-polaren E2,high Phonons zu berechnen. Dabei fand
die Abhängigkeit der Streuquerschnitte von den Phononfrequenzen Berücksich-
tigung.
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91 Introduction
Gallium nitride (GaN) and its ternary alloys with aluminum (Al) and indium (In) are re-
markable and important material systems for several electronic and short-wavelength
optoelectronic applications. GaN-based microelectronic devices, for instance, take
advantage of the superior electronic properties for high-power, high-frequency, and
high-temperature applications. Furthermore, the group III nitride semiconductors with
direct band gaps ranging from 0.7 eV (InN) through 3.4 eV (GaN) to 6.0 eV (AlN)
have inspired the field of solid-state lighting. In particular, applications of these mate-
rials realizing bright, white light-emitting diodes (LEDs) appear very promising [1–5].
However, due to the high melting temperature of GaN standard crystallization tech-
niques are not applicable. Typically, GaN is grown heteroepitaxially on foreign sub-
strates such as sapphire or silicon carbide, for instance. Sapphire is the most fre-
quently used material for the growth of GaN. Due to the lattice mismatch and the
difference in the thermal expansion coefficients between GaN and these substrates,
there are serious problems, such as large density of structural imperfections, e.g. dis-
locations or grain boundaries, as well as the formation of strain.
The present work was performed within the framework of the joint project Atomic
Design and Defect Engineering. The aim of this project focuses on the intentional al-
teration and design of material properties by modifications of the crystal structure on
the atomic scale. One of the subprojects addresses novel approaches for the epitax-
ial growth of wz-GaN and subsequently the extensive characterization of the grown
GaN layers.
Recently, there has been increasing interest to clarify the correlation between growth
conditions and inherent properties of GaN using x-ray diffraction (XRD) [6–8], wafer
curvature [9–13], high resolution transmission electron microscopy [14, 15], and pho-
toluminescence [10, 13, 16].
In this field, Raman spectroscopy has also evolved as a powerful and versatile tech-
nique (see chapter 3). This method provides information on the vibrational states of
GaN which are sensitive to the crystalline quality and free charge carriers as well as to
external impacts such as temperature, pressure or strain (see chapter 4). Therefore,
the results obtained by Raman measurements can supply beneficial feedback infor-
mation on the growth process. Micro-Raman measurements are meaningful since
they take advantage of being non-destructive, contactless, and providing an excellent
resolution - both laterally and in the depth. Numerous Raman scattering studies have
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been performed characterizing the residual stress [7–9, 17–19] or the density and
mobility of free charge carriers [20–23] in GaN, for instance. For reviews see articles
published by Kuball [24] or Harima [25].
In order to access the charge carrier concentration as well as their mobility by Ra-
man scattering from measured frequencies, bandwidths, and intensities of coupled
phonon plasmon modes [26–28] (see chapter 5), the knowledge of the Faust-Henry
coefficients is required. These coefficients are ratios describing the relative influence
of lattice displacements and electric field onto the dielectric susceptibility [26, 29, 30].
In the case of wz-GaN merely the Faust-Henry coefficient connected with the polar
phonon mode of A1 symmetry and its assigned Raman tensor elements aTO and aLO
has been reported with differing values and questionable sign [31–35]. However,
according to its wurtzite structure, in hexagonal GaN three Faust-Henry coefficients
associated with phonon modes of different symmetry exist.
The present study reports on an accurate determination of the Faust-Henry coefficients
in wz-GaN. These coefficients can be obtained by measuring the Raman scattering
efficiencies of the corresponding LO and TO phonons. The Raman measurements
require the application of different scattering geometries, i.e. backscattering as well
as right-angle and near-forward scattering configurations. However, reports on mea-
surements of relative or absolute Raman cross sections of phonons in wz-GaN are
scarce in the literature [36]. Besides a detailed derivation of the theoretical Raman
scattering efficiency in wurtzite crystals (see chapter 3), results of systematic Raman
measurements on bulk wz-GaN single crystals in order to access the Raman scatter-
ing efficiencies will be presented (see chapter 6). From the obtained Raman scattering
intensities of wz-GaN, the respective Faust-Henry coefficients as well as the absolute
value of each Raman tensor element will be deduced.
Furthermore, it is shown that the Raman scattering efficiency of TO phonon polaritons
allows to overcome the dilemma of the sign of Faust-Henry coefficients. Elementary
excitations called phonon polaritons are derived when infrared photons strongly inter-
act with the transverse modes of infrared active phonons. The frequencies of phonon
polaritons occur in the terahertz (THz) spectral range. This range corresponds to the
gap between high-frequency electronics and low-frequency optics. Phonon polariton
studies have recently gained interest stimulated by the generation of THz pulses by
femtosecond lasers and ultrasound acoustic waves [37], THz spectroscopy and imag-
ing [38, 39].
Reports on Raman studies of phonon polaritons in uniaxial semiconductors are scare
[40]. In this work, Raman spectra of systematic measurements of ordinary and ex-
traordinary phonon polaritons in wz-GaN are presented (see chapter 7). A novel ex-
perimental near-forward scattering setup will be introduced with a screen positioned
in a plane before the first image lens which enables to open a small adjustable rect-
angular window in this plane. Thus, measurements of phonon polaritons with well
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defined wavevector transfer can be realized. The Raman scattering efficiency of the
phonon polaritons in dependence on the frequency has been studied. A detailed the-
oretical treatment of the Raman scattering efficiency for arbitrary directions of phonon
polaritons in uniaxial crystals with wurtzite structure is given. The comparison of po-
lariton scattering efficiency results with theoretical ones enables to assign one solution
of each Faust-Henry coefficient unambiguously.
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2 Properties of gallium nitride
There are three crystal structures shared by the binary group III nitride species, alu-
minum nitride (AlN), gallium nitride (GaN), and indium nitride (InN): (i) the wurtzite,
(ii) zinc blende, and (iii) rocksalt structures. The wurtzite structure (α polytype) is
the thermodynamically stable one for bulk material of these compounds at ambient
conditions. At high pressures a phase transition to the rocksalt structure occurs. In
contrast, the zinc blende structure (β polytype) is metastable and may be stabilized
only by heteroepitaxial growth on substrates with a cubic crystal structure, such as
silicon (Si), magnesium oxide (MgO) or gallium arsenide (GaAs).
As all GaN samples investigated in this work exhibit wurtzite structure, the following
discussion will be confined to wurtzite-type GaN (wz-GaN) only. Owing to the uniaxial
crystal structure the properties are anisotropic as shown in table 2.1 for selected
properties.
Tab. 2.1: Selected properties of wurtzite-type GaN at 300 K.
GaN Reference
Lattice parametera a = 0.318926 nm [41]
c = 0.518523 nm
Thermal expansion coefficientsa αa = (6.2±0.4) × 10−6 K−1 [42]
αc = (5.7±0.5) × 10−6 K−1
Elastic constants C11 = 367 GPa [43]
C12 = 135 GPa
C13 = 103 GPa
C33 = 405 GPa
C44 = 95 GPa
Band gap (Eg) 3.39 eV [25]
Refractive index 2.44 (at 514.5 nm) [44]
a For comparison, sapphire (Al2O3) has lattice parameters of a =
0.47577 nm and c= 1.29907 nm [45] and thermal expansion coef-
ficients αa = (7.9±0.7) × 10−6 K−1 and αc = (9.5±0.6) × 10−6 K−1
[12].
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2.1 Crystal structure
The primitive unit cell of wz-GaN contains four atoms and belongs to the space group
C46ν (P63mc). In figure 2.1(a) the wurtzite crystal structure as well as its corresponding
lattice parameters a in lateral direction and c in vertical direction with a ratio c/a =√
8/3 are depicted. Each Ga atom is tetrahedrally coordinated by four N atoms, and
vice versa. The stacking order of (0001)1 planes is ABAB... along 〈0001〉 direction (c
axis) for the hexagonal structure. Here A and B denote the allowed sites of the GaN
pair in the hexagonal close packed layer of spheres. Thus, for the wurtzite structure
the basal or (0001) crystal plane is the primary polar plane being either Ga- or N-
terminated. In consequence, a (0001) surface (Ga polar) is not equivalent to a (0001¯)
surface (N polar) resulting in different chemical as well as physical properties of the
surfaces.
(a)
GaN
Al2O3
[1210]  [1100]
 GaN    Al2O3
asapphire
aGaN
(b)
Fig. 2.1: (a) The wurtzite crystal structure (from [46]) with lattice parameter c in vertical direction and
a in lateral direction. The Ga and N atoms in the wurtzite lattice are indicated by open and full circles,
respectively. (b) Schematic illustration (top view) of the epitaxial relationship between c plane GaN
grown on (0001) oriented sapphire (Al2O3) representing the 30◦ rotation of the GaN basal plane.
2.2 Epitaxial growth
Due to the high melting temperature of wurtzite-type GaN standard crystallization
techniques are inapplicable. Therefore, one of the biggest challenges of GaN prepa-
ration is the lack of cost-efficient and high-quality substrates for homoepitaxy. Nowa-
days, GaN technology is based on heteroepitaxy [47–50]. The most widely used
substrates are sapphire (0001), 6H-SiC (0001), and Si (111). Owing to the lattice
mismatch and the difference in the thermal expansion coefficients between GaN and
1Note here the use of the four index notation {hkil}. The indices hki fulfil the relation i = −(h+ k).
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these substrates, there are serious problems, such as large density of structural im-
perfections, e.g. dislocations or grain boundaries, as well as the formation of strain
that eventually leads to cracking of the layer [11, 51–53].
For the heteroepitaxial growth of c plane GaN on (0001) oriented sapphire (Al2O3)
with the mutual in-plane orientation 〈1¯21¯0〉GaN ‖ 〈1¯100〉sapphire, the lattice mismatch f
with regard to the substrate reference lattice is
f =
asapphire −
√
3 · aGaN
asapphire
, (2.1)
where aGaN and asapphire denote the in-plane lattice parameters of GaN and sapphire
(see table 2.1), respectively.
The above mentioned orientation relationship leads to a significant reduction of
the lattice misfit by 30◦ rotation of both lattices against each other and is shown
schematically in figure 2.1(b). However, from the difference in the interatomic dis-
tances between the metallic atoms (Ga and Al) the calculated epitaxial lattice misfit f
at room temperature is about -16%. As the interatomic distances are larger in GaN
than in sapphire, compressive residual stress in GaN is expected.
Nevertheless, in dependence on the growth technique the reported lattice parame-
ters of GaN (figure 2.2) show unusual large fluctuations. Due to the lack of a native
substrate in the growth process it is difficult to prepare strain-free material and sub-
sequently to determine the intrinsic unstrained lattice parameters.
Fig. 2.2: Lattice parameters a and c for bulk and freestanding GaN fabricated by HVPE, HP bulk GaN,
and homoepitaxial GaN layers (from [54] and references therein).
From a technological point of view, the Hydride Vapor Phase Epitaxy (HVPE) is
ascribed a great potential for growing free-standing GaN substrates due to high
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growth rates. Several routes to produce thick, high-quality HVPE layers starting from
sapphire substrates are currently under investigation, such as (i) HVPE overgrowth of
GaN templates manufactured by Metalorganic Vapor Phase Epitaxy (MOVPE) on sap-
phire [55], and (ii) the deposition of GaN layers directly on sapphire in a closed HVPE
process [56]. Within the framework of the joint project Atomic Design and Defect
Engineering a novel approach for the deposition of GaN directly on sapphire sub-
strates was developed. The closed two-step HVPE process includes the growth of GaN
nucleation layers at intermediate temperatures in the range of 750 - 900◦C. In com-
parison to frequently used low-temperature (LT) nucleation layers, significant changes
in the surface kinetics and consequently an improved crystallinity are expected due to
nucelation temperatures at least 150 K above the LT nucleation range. Subsequently,
a high-temperature overgrowth of the nucleation layers at about 1040◦C was con-
ducted resulting in 10 µm thick, crack-free GaN layers of high crystalline quality [49].
Moreover, the High Temperature Vapor Phase Epitaxy (HTVPE) as a promising
chlorine-free technique for the growth of GaN films was modified within this joint
project. The method employs ammonia (NH3) and thermally evaporated metallic gal-
lium (Ga) as precursors [50] which mainly contributes to the environmental impact of
this growth technique. A novel growth reactor was developed in order to overcome
the drawbacks of conventional HTVPE, such as non-stationary transport and growth
conditions, strong thermal coupling between Ga source and substrate, and a high
contamination level of the deposited films. According to the achieved growth rate
of 50 µm/h the HTVPE technique is ascribed the potential for growth of thick GaN
layers. For more details see the article recently published by Lukin et al.[50].
2.3 Mechanical and thermal properties
In the following section mechanical and thermal properties of wurtzite-type GaN
are discussed as both contribute to a profound understanding of the stress-strain-
correlation in terms of the growth of GaN. Generally, Hookes law describes the
stress-strain relation in the limit of the linear elasticity theory:
σij = Cijklεkl with i, j, k, l = 1 . . . 3, (2.2)
where Cijkl refers to the fourth-rank tensor of the elastic stiffness constants, σij and εkl
denote stress and strain tensor, respectively. As both of these tensors are symmetric2,
Hookes law can be written as
σi = Cijεj with i, j = 1 . . . 6, (2.3)
2i.e., σij = σji and εkl = εlk. Thus, the relation Cijkl = Cklij is fulfilled.
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introducing the so-called matrix notation3. Both, the stress and strain tensor com-
ponents are denoted by a single index running from 1 to 6. Concerning the elastic
stiffness tensor Cijkl the first two indices i, j as well as the last two ones k, l are ab-
breviated into a single index each according to the scheme [57]:
tensor notation 11 22 33 23, 32 31, 13 12, 21
matrix notation 1 2 3 4 5 6
In case of wz-GaN, five elastic constants Cij have to be considered and the stiffness
tensor in matrix notation takes the following form:
Cij =


C11 C12 C13 0 0 0
C12 C11 C13 0 0 0
C13 C13 C33 0 0 0
0 0 0 C44 0 0
0 0 0 0 C44 0
0 0 0 0 0 1/2(C11 − C12)


, (2.4)
where theX, Y , and Z axes of the laboratory coordinate system are chosen along the
GaN [112¯0], [11¯00], and [0001] directions, respectively. In this work elastic constants
reported by Wright et al.[43] (see table 2.1) were adopted. It should be mentioned,
that it is necessary to go back to the tensor notation in order to transform the elastic
tensor to other axes. The fourth-rank tensor Cijkl transforms to C
′
ijkl on change of
axes where aij refers to the corresponding transformation matrix:
C
′
ijkl = aimajnakoalpCmnop. (2.5)
As described in section 2.2 the growth of GaN by means of vapor phase epitaxy
is performed at high temperatures of about 1000◦C. Epitaxial layer systems consist
of different materials, i.e. film and substrate, differing in their lattice parameters as
well as their thermal expansion coefficients. Owing to the difference in the thermal
expansion coefficients of film and substrate the layer system experiences a thermally
induced strain on cooling down from growth temperature to room temperature. The
thermal mismatch strain εth between film and substrate at room temperature is ex-
pressed as:
εth =
TRT∫
TG
(
αsubstrate(T )− αfilm(T )
)
dT, (2.6)
where TG refers to the growth temperature, TRT is the room temperature, and αfilm(T )
and αsubstrate(T ) denote the respective temperature dependent thermal expansion co-
efficients of film and substrate. Due to the hexagonal structure of GaN the thermal
expansion coefficients are anisotropic, i.e. different for a and c direction (see table
2.1).
3This notation was established by the physicist Woldemar Voigt in 1910.
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2.4 Band structure of GaN
After the description of the mechanical and thermal properties of GaN the following
discussion will focus on the electronic properties.
(a) (b)
Fig. 2.3: Electronic band structure of wurtzite GaN without strain (from [58]). (a) Dispersion along the
symmetry lines. The inset shows the first Brillouin zone. (b) Schematic band structure along the kz
direction and in the kx-ky plane near the Γ point. For details see text.
Figure 2.3 shows the electronic band structure of wurtzite GaN along the symme-
try lines in the first Brillouin zone which is represented by the inset in figure 2.3(a).
The wavevector in the first Brillouin zone is indicated by k. The calculations were
performed by means of a full-potential linearized augmented plane wave (FLAPW)
method [59], within the local density functional approximation (LDA) [60]. For more
details concerning the calculations see Suzuki et al.[58]. The schematic band struc-
ture near the Γ point of wz-GaN without strain is depicted in figure (b). Neglecting
spin-orbit interaction, the direct band gap of GaN is formed by an s-like Γ1c conduc-
tion band state and p-like Γ6v and Γ1v valence band states due to crystal field splitting
[61]. Taking the weak spin-orbit interaction into account, the Γ6v state is split into
two twofold degenerate states (Γ9 and Γ7). The Γ1 state has also Γ7 symmetry [58].
The upper three hole bands are labelled as HH (heavy), LH (light), and CH (crystal
field split off). The corresponding effective masses of these three hole bands show an
anisotropic behavior with respect to the kz direction and the kx-ky plane as depicted
in figure 2.3(b).
At room temperature the optical transition Γ9v → Γ7c referred to as the A exciton
transition is observable with the energy gap influenced by strain [10, 62, 63]. The
strain dependence of the A free exciton transition energy EA is given by Shan et al.[63]:
EA = EA(0) + a1εzz + a2 (εxx + εyy) + b1εzz + b2 (εxx + εyy) , (2.7)
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where EA(0) represents the strain-free A exciton transition energy, and ai and bi are
electronic deformation potentials. In principle, knowing the deformation potentials
and the elastic coefficients, the shift of the A free exciton energy position depends
linearly on strain [62]. Under the assumption of biaxial stress, the strain tensor com-
ponents εxx, εyy, and εzz are connected due to Poisson’s ratio with the elastic stiffness
coefficients Cij of GaN (see section 4.1).
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3 Raman spectroscopy
In this chapter the principle of inelastic scattering of monochromatic light - called
Raman scattering - is described. At first, phonon modes of wz-GaN and fundamental
equations of the phonon polariton in uniaxial crystals are introduced. After a brief
description of the classical theory of light scattering a detailed derivation of the Raman
scattering efficiency of uniaxial crystals as well as the selection rules in case of wurtzite
single crystals are provided.
3.1 Phonon modes in GaN
Initially, Raman spectroscopy was applied in analytical chemistry as a complemen-
tary method to infrared (IR) spectroscopy. By measuring the energy of the scattered
light relative to the energy of the incident monochromatic light information about the
specimen can be deduced. The frequency shift of the inelastically scattered photons
depends on the properties of the sample such as chemical bonding, temperature, and
strain. In the last decades Raman spectroscopy has been developed as a powerful,
non-destructive, and contactless tool for the characterization of condensed matter. In
this case, the incident laser light interacts with optical phonons or other elementary
excitations (e.g. plasmons or phonon polaritons) in the system. The phonon modes
of wz-GaN will be discussed in this section.
As described in section 2.1 the primitive unit cell of hexagonal GaN with space
group C46ν contains four atoms. Thus, group theory predicts 3 × 4 = 12 phonon
normal modes at the Γ point of the Brillouin zone according to the irreducible rep-
resentation 2A1 + 2B1 + 2E1 + 2E2. The modes of E1 and E2 symmetry are doubly
degenerated. One set of the A1 and E1 modes are acoustic, while the remaining A1 +
2B1 + E1 + 2E2 modes are optical ones. The A1 and E1 modes are both Raman and
infrared (IR) active, the two E2 modes are only Raman active, and the two B1 modes
are silent ones (neither Raman nor IR active). The atomic displacements of the Raman
active phonon modes in wz-GaN are schematically shown in figure 3.1.
The two lattice vibrations with E2 symmetry are distinguished by subscripts ‘low’
and ‘high’. Since their atomic displacements in the basal plane (perpendicular to the
crystals c axis) do not influence the charge distribution within the unit cell these optical
modes are nonpolar ones. In contrast, the polar A1 and E1 modes split into transverse
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Fig. 3.1: Atomic displacements are schematically depicted for Raman active lattice vibrations in wz-
GaN.
optical (TO) and longitudinal optical (LO) phonon modes with different frequencies
due to the macroscopic electric field associated with the longitudinal modes. In case
of GaN, the electrostatic forces predominate over the anisotropic short-range forces.
Therefore, the TO-LO splitting is larger than the A1-E1 splitting [64]. For lattice vibra-
tions with A1 and E1 symmetry the atomic displacement is parallel and perpendicular
to the c axis, respectively, as shown in figure 3.1. Thus, phonons with wavevector
angles between 0◦ and 90◦ to the c axis have mixed A1-E1 character. The directional
dispersion will be discussed in section 3.2.3
Since there is an excellent agreement with our experimental data, the phonon fre-
quencies at 300 K reported by Davydov et al.[65] were adopted in this work:
ωTO,A1 = 531.8 cm−1 ωTO,E1 = 558.8 cm−1 ωE2,low = 144 cm−1
ωLO,A1 = 734 cm−1 ωLO,E1 = 741 cm−1 ωE2,high = 567.6 cm−1
3.2 Phonon polaritons in uniaxial crystals
In polar crystals (e.g. wz-GaN), infrared photons strongly interact with the transverse
modes of infrared active phonons (see section 3.1) if their energies are nearly equal.
The elementary excitations derived are called phonon polaritons. Their existence
has been predicted by Huang [66, 67]. According to the mixed mechanical and
electromagnetic nature of the phonon polaritons, one needs equations of both motion
and electromagnetic field.
In a first step, Maxwell’s equations of electrodynamics will be introduced:
∇× #»E = − #˙»B,
∇× #»H = #»j + #˙»D,
∇ · #»D = ρ,
∇ · #»B = 0.
(3.1)
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The electric displacement field
#»
D is correlated with the electric field
#»
E and the polar-
ization
#»
P according to
#»
D = ε0ε˜ · #»E = ε0 #»E + #»P . (3.2)
Here, ε˜(
#»
k , ω) refers to the dielectric tensor of the medium and ε0 denotes the per-
mittivity. For nonmagnetic materials the correlation between the magnetic induction
#»
B and the magnetic field
#»
H is
#»
B = µ0
#»
H with µ0 being the permeability of the free
space. Using the ansatz of plane waves for the electric field
#»
E =
#»
E0e
i(
#»
k · #»r−ωt) and
the magnetic induction
#»
B =
#»
B0e
i(
#»
k · #»r−ωt), and assuming that the medium contains
neither free electrical charges ρ nor electrical currents
#»
j , one obtains from the first
two rows in equation (3.1)
#»
k ×
(
#»
k × #»E
)
=
#»
k
(
#»
k · #»E
)
− k2 #»E = −ω2ε0µ0 ε˜ #»E = −ω
2
c2
ε˜
#»
E, (3.3)
where c equals (ε0µ0)−
1/2 and refers to the velocity of light. Inserting equation (3.3)
into equation (3.2) the relation between the electric field
#»
E and the polarization
#»
P
can be derived:
#»
P = ε0
#»
E
(
c2k2
ω2
− 1
)
− ε0c
2
ω2
#»
k
(
#»
k · #»E
)
. (3.4)
For purely transverse waves,
#»
E⊥ #»k , one obtains
#»
P T = ε0
#»
ET
(
c2k2
ω2
− 1
)
, (3.5)
and for purely longitudinal waves,
#»
E ‖ #»k , one obtains
#»
P L = −ε0 #»EL. (3.6)
The following discussion will focus on optically anisotropic media, in particular on the
case of a uniaxial crystal (e.g. wz-GaN). The three principal directions are denoted
by the three cartesian coordinates x, y, and z.
The uniaxial crystal is characterized by dielectric functions which are identical for
two principal directions:
ε11(ω) = ε22(ω) = ε⊥(ω) (3.7)
These directions describe the optically isotropic plane. The third principal direction
perpendicular to this plane is referred to as the optical axis c with the dielectric func-
tion
ε33(ω) = ε‖(ω) (3.8)
The equations of motion for phonon polaritons will be written in a form first claimed
by Huang for the description of cubic diatomic crystals with one polar mode [66,
67]. In the case of a uniaxial crystal and arbitrary direction of the wavevector
#»
k
the vectors
#»
Q (generalized coordinate displacement),
#»
E (electric field strength), and
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#»
P (polarization) of the Born-Huang equations can be split into linearly independent
ordinary and extraordinary components lying either perpendicularly to or in the plane
spanned by the wavevector and the optical axis, respectively (see ﬁgure 3.2). As
the (x, y) plane is isotropic, it will be assumed without loss of generality that the
wavevector lies in the (x, z) plane and that the displacement of the ordinary transverse
mode is parallel to the y direction. The extraordinary parts of
#»
Q,
#»
E, and
#»
P are
decomposed in components parallel and perpendicular to the z axis. This is shown
in ﬁgure 3.2 for the displacement vector
#»
Q as an example.
H4 ⊥
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Fig. 3.2: Displacement components of the extraordinary phonon polariton Qe which are decomposed
into parts either parallel (Qe‖) and perpendicular (Qe⊥) to the optical axis or parallel (Longitudinal)
and perpendicular (Transverse) to the wavevector
#»
k . The same procedure can be adopted for
#»
E and
#»
P . Reprinted ﬁgure with permission from [68]. Copyright 2013 American Physical Society.
With time dependence of the displacement vector in the form
#»
Q =
#»
Q0e
iωt and
without damping, one obtains for the ordinary phonon polaritons:
−ω2Qo⊥ = B11o⊥Qo⊥ +B12o⊥E⊥,
Po⊥ = B
21
o⊥Qo⊥ +B
22
o⊥E⊥,
(3.9)
and for the extraordinary phonon polaritons:
−ω2Qe⊥ = B11e⊥Qe⊥ +B12e⊥E⊥,
Pe⊥ = B
21
e⊥Qe⊥ +B
22
e⊥E⊥,
−ω2Qe‖ = B11e‖Qe‖ +B12e‖E‖,
Pe‖ = B
21
e‖Qe‖ +B
22
e‖E‖.
(3.10)
In order to determine the nine variables in equations (3.9) and (3.10) three equations
are additionally needed. The relationship between the electric ﬁeld
#»
E and the polar-
ization
#»
P was derived from Maxwell’s equations (see equation (3.4)).
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The coefficients B in equations (3.9) and (3.10) can be interpreted macroscopically.
In the following sections they will be replaced by the coefficients a⊥, b⊥, a‖, and b‖
which can be expressed using measurable parameters (see, for instance, [69]): for
transverse phonons in the principal directions with c2k2/ω2 ≫ 1, it can be seen that
B11o⊥ = B
11
e⊥ = −ω2T⊥,
B11e‖ = −ω2T‖.
(3.11)
For large frequencies ω the amplitudes of the normal coordinates Qo⊥, Qe⊥, and
Qe‖ vanish, and following Po⊥ = B22o⊥Eo⊥ = ε0(ε∞⊥ − 1)Eo⊥, Pe⊥ = B22e⊥Ee⊥ =
ε0(ε∞⊥ − 1)Ee⊥, and Pe‖ = B22e‖Ee‖ = ε0(ε∞‖ − 1)Ee‖ one gets
B22o⊥ = B
22
e⊥ = b⊥ = ε0 (ε∞⊥ − 1) ,
B22e‖ = b‖ = ε0
(
ε∞‖ − 1
)
.
(3.12)
In the static case (ω = 0), one obtains for the ordinary modes fromQo⊥ = − (B12o⊥/B11o⊥)Eo⊥
and Po⊥ = [− (B12o⊥B21o⊥/B11o⊥) + B22o⊥]Eo⊥, analog equations for the extraordinary modes,
and with equations (3.11) and (3.12)
B12o⊥ = B
21
o⊥ = B
12
e⊥ = B
21
e⊥ = a⊥
= ωT⊥
√
ε0 (εs⊥ − ε∞⊥) =
√
ε0ε∞⊥ (ω2L⊥ − ω2T⊥),
B12e‖ = B
21
e‖ = a‖
= ωT‖
√
ε0
(
εs‖ − ε∞‖
)
=
√
ε0ε∞‖
(
ω2L‖ − ω2T‖
)
.
(3.13)
ωT⊥ (ωT‖) indicates the frequency of the transverse phonon propagating in the (x, y)
plane (parallel to the z axis). ωL⊥ (ωL‖) refers to the frequency of the longitudinal
phonon propagating in the (x, y) plane (parallel to the z axis). εs⊥ (ε∞⊥) denotes the
static (high-frequency) dielectric constant in the (x, y) plane, and εs‖ (ε∞‖) the static
(high-frequency) dielectric constant parallel to the z axis. In case of wz-GaN, the
following set of static [70] and high-frequency [71] dielectric constants were adopted
in this work:
εs⊥ = 9.28 ε∞⊥ = 5.14
εs‖ = 10.1 ε∞‖ = 5.31
Moreover, in equation (3.13) Lyddane-Sachs-Teller relations were used:
ω2L⊥
ω2T⊥
=
εs⊥
ε∞⊥
,
ω2L‖
ω2T‖
=
εs‖
ε∞‖
.
(3.14)
26 3 Raman spectroscopy
3.2.1 Ordinary phonon polaritons
In order to solve the three equations (3.9) and (3.5), one combines Qo⊥, Eo⊥, and
Po⊥ to a vector
#»
Xo. The set of equations can then be written as
M˜o · #»Xo = 0 (3.15)
with the matrix
M˜o =


ω2 − ω2T⊥ a⊥ 0
a⊥ b⊥ −1
0 ε0
(
c2k2
ω2
− 1
)
−1

 .
Nontrivial solutions of the equations are obtained with det(M˜o) = 0. This leads to the
equation
ε∞⊥ω
4 − ω2c2k2 − ε∞⊥ω2ω2L⊥ + c2k2ω2T⊥ = 0. (3.16)
This equation can also be written as
c2k2
ω2
= ε⊥(ω) = ε∞⊥
(
1 +
ω2L⊥ − ω2T⊥
ω2T⊥ − ω2
)
, (3.17)
where ε⊥(ω) is the dielectric function for propagation in the optically isotropic plane.
Equation (3.16) is a quadratic equation in ω2. Its solution gives two polariton branches
which do not depend on the angle θ (see section 7.1).
3.2.2 Extraordinary phonon polaritons
It is convenient to change the coordinate system and express the vectors
#»
Q,
#»
E, and
#»
P
in components parallel (Longitudinal) and perpendicular (Transverse) to the wavevec-
tor
#»
k (figure 3.2). Thus, the polarization can be easily expressed by components par-
allel to the corresponding electric field components (see equations (3.5) and (3.6)).
In order to solve the six equations (3.10), (3.5), and (3.6), one combines the trans-
formed components Qe⊥, Ee⊥, Pe⊥, Qe‖, Ee‖, and Pe‖ to a vector
#»
Xe and writes the
set of equations in the form
M˜e · #»Xe = 0 (3.18)
with the matrix
M˜e =


− (ω2 − ω2T⊥) cos θ −a⊥ cos θ 0 (ω2 − ω2T⊥) sin θ a⊥ sin θ 0
−a⊥ cos θ −b⊥ cos θ cos θ a⊥ sin θ b⊥ sin θ − sin θ
0 ε0
(
1− c2k2
ω2
)
1 0 0 0(
ω2 − ω2T‖
)
sin θ a‖ sin θ 0
(
ω2 − ω2T‖
)
cos θ a‖ cos θ 0
a‖ sin θ b‖ sin θ − sin θ a‖ cos θ b‖ cos θ − cos θ
0 0 0 0 ε0 1


.
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Nontrivial solutions of this homogeneous equation system for the six variables QT, ET,
PT, QL, EL, and PL are obtained for a vanishing determinant of M˜e. This leads to the
equation (
c2k2
ω2
)
· (ε⊥(ω) · sin2 θ + ε‖(ω) · cos2 θ)− ε⊥(ω) · ε‖(ω) = 0, (3.19)
where ε⊥(ω) and ε‖(ω) are the dielectric functions for propagation in the optically
isotropic plane and parallel to the c axis of the uniaxial crystal, respectively. ε⊥(ω) is
given by equation (3.17) and ε‖(ω) is defined by
ε‖(ω) = ε∞‖
(
1 +
ω2L‖ − ω2T‖
ω2T‖ − ω2
)
. (3.20)
Equation (3.19) describes the directional dispersion as well as the dispersion as a
function of the wavevector. It is cubic in ω2 and can be solved analytically using
Cardano’s formula [72]. The three real solutions describe the three branches of the
extraordinary polaritons (see section 7.1).
3.2.3 Directional dispersion
For large wavevectors (104 cm−1 < k < 106 cm−1) the polaritons are phononlike.
Assuming k →∞, one obtains from equation (3.19):
ε⊥(ω) · sin2 θ + ε‖(ω) · cos2 θ = 0. (3.21)
The solution of this quadratic equation in ω2 yields two extraordinary polariton (phonon)
branches depending on the angle θ including the wavevector and the c axis of
the crystal. Figure 3.3 illustrates the directional dispersion of the two extraordinary
modes. The ordinary phonon of E1 symmetry and TO character as well as the non-
polar mode E2,high do not exhibit a directional dispersion. The E2,low phonon mode at
144 cm−1 which is also independent on the angle θ is not shown in this figure.
In order to describe the directional dependence, the Poulet-Loudon approximation
[73, 74] is a simple expression used in the literature:
ω2TO(θ) = ω
2
TO,E1 · cos2 θ + ω2TO,A1 · sin2 θ,
ω2LO(θ) = ω
2
LO,A1 · cos2 θ + ω2LO,E1 · sin2 θ.
(3.22)
In the case of wz-GaN, these approximations work very well and practically coincide
with the exact solutions shown in figure 3.3.
3.3 Classical theory of light scattering in solids
The Raman effect describes the inelastic scattering of light and was theoretically pre-
dicted by A. Smekal in 1923 [75]. Investigating optical scattering of liquids the Ra-
man effect was experimentally revealed by the Indian physicists C. V. Raman and
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Fig. 3.3: Optical phonon modes of wz-GaN. The directional dispersion of the extraordinary (e.o.)
polar modes as function of the angle θ between the phonon wavevector and the c axis of the crystal is
shown. The ordinary (o.) transverse phonon of E1 symmetry exhibits no directional dispersion.
K. S. Krishnan [76] in 1928. Independently, the Russian academics G. Landsberg
and L. Mandelstam [77] observed this effect in condensed matter nearly at the same
time. C. V. Raman was awarded the Nobel prize for physics in 1930 for this discovery.
The origin of Raman scattering in crystals can be understood within the classical
theory of light scattering. For further reading and details see standard textbooks
[30, 78–80].
The atomic vibrations relative to an equilibrium position are correlated and can be
classiﬁed as normal modes. The energy of the normal modes is restricted to integer
multiples of a quantum of energy. The elementary excitation derived is called phonon.
Mathematically, the displacement of the atoms can be expressed using the vector of
the generalized coordinate
#»
QN for the Nth phonon mode at a position #»r and time t:
#»
QN(
#»r , t) =
#»
Q0e
±i(
#»
kN·
#»r−ωNt). (3.23)
Here,
#»
Q0 is the amplitude,
#»
kN denotes the wavevector and ωN refers to the eigenfre-
quency of the Nth normal mode. As a result of the collective oscillation, the dielectric
susceptibility tensor χ˜ of the crystal will also change periodically. Since the atomic dis-
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placements are assumed to be small compared to the lattice constants, the dielectric
susceptibility can be expanded as a Taylor series with respect to QN:
χ = χ0 +
∑
N
{(
∂χ
∂QN
)
0
QN + higher-order terms
}
, (3.24)
where the sum runs over all normal coordinates. ∂χ/∂QN denotes the coefficients of
the atomic displacement tensor describing the contribution of the normal coordinates
to the changes δχ of the susceptibility tensor. This approach is valid for nonpolar
phonon modes and transverse optical modes with wavevector values in the range
105 cm−1 < k < 108 cm−1. In case of longitudinal phonon modes the contribution
of the electric field components related to the coefficients of the electro-optic tensor
∂χ/∂EN has to be taken into account additionally (see section 3.4).
The dielectric susceptibility tensor χ˜ describes the polarization of a material in an
electromagnetic field. The induced polarization
#»
P is given by:
#»
P = ε0χ˜
#»
E. (3.25)
Using the ansatz of plane waves for the electric field
#»
E =
#»
E0e
i(
#»
k · #»r−ωt) and inserting
the zero and first order terms of equation (3.24) in equation (3.25), the relation
between the polarization
#»
P and the electric field
#»
E can be rewritten as:
#»
P = ε0χ0 · #»E0ei(
#»
k L·
#»r−ωLt) + ε0
#»
E0 ·
∑
N
{(
∂χ
∂QN
)
0
#»
Q0e
i[(
#»
k L±
#»
kN)· #»r−(ωL±ωN)t]
}
. (3.26)
The first term of this equation refers to the elastic scattering of light (Rayleigh scat-
tering1) where frequency and wavevector of the scattered light equal the frequency
ωL and wavevector
#»
k L of the incident (laser) light, respectively. The second term
represents the inelastic scattering components indicating the Stokes and anti-Stokes
processes.
Figure 3.4 illustrates the interaction of any scattering system and the incident ra-
diation as vibrational transition between quantized energy levels. Possible inelastic
scattering processes are depicted by energy level schemes, where Ei and Ef refer
to the energy of the initial and final eigenstate, respectively. Generally, the Stokes
process describes a generation of a vibrational eigenstate. The frequency ωS and
wavevector
#»
k S of the scattered light are slightly reduced with respect to the incident
(laser) light by the amount of the characteristic eigenfrequency ωN and wavevector
#»
kN of the Nth normal phonon mode, respectively. The anti-Stokes scattering refers to
the annihilation of such an elementary excitation. Thus, frequency and wavevector of
the scattered light are increased compared to the incident light.
1named after the British physicist Lord Rayleigh (1842-1919)
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Fig. 3.4: Inelastic scattering processes. The observed energy of the scattered light ~ωS relative to the
energy of the incident light ~ωL depends on the detected transition between vibrational eigenstates Ei
and Ef of the scattering system. The characteristic eigenenergy of the generated (Stokes) or annihilated
(anti-Stokes) elementary excitation is indicated by ~ωN.
For both, the anti-Stokes and Stokes scattering processes inside the crystal (intro-
ducing an additional index ‘i’) wavevector conservation requires
#»
k iS =
#»
k iL ± #»kN, (3.27)
and energy conservation requires
~ωS = ~ωL ± ~ωN or 1
λS
=
1
λL
± ω¯R, (3.28)
where λL and λS denote the wavelength of incident and scattered light outside the
crystal, respectively, and ω¯R refers to the Raman shift expressed in cm−1. For practical
reasons, ω indicates the Raman shift in the following.
3.4 Raman scattering efficiency
Due to polarization selection rules, not all available normal modes (phonons) of
the crystal simultaneously contribute to the observable Raman scattered light for an
applied incident electromagnetic field. The Raman scattering efficiency per unit angle
dS/dΩ of the phonons travelling the distance L in the crystal through the volume V
can be written as [81]
dS
dΩ
=
(ωS
c
)4
V L
∣∣∣∣∣〈1 + nω|
3∑
µ,ν=1
eSµδχµνe
L
ν |nω〉
∣∣∣∣∣
2
, (3.29)
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where eLν
(
eSµ
)
are the unit vectors in direction of polarization of the incident (scattered)
light, respectively. The term inside the absolute value signs is the matrix element of an
operator between the state with nω phonons of frequency ω present and the state with
nω + 1 phonons describing a Stokes scattering process. Thus, the scattered photon
emerges with the frequency ωS, less than that of the incident photon by the small
amount ω ( ω¯R in equation (3.28)). nω = 1/ [exp(~ω/kT )− 1] refers to the Bose-
Einstein factor.
First, the three polar phonon modes of hexagonal crystals with point group C6v
which are Raman as well as infrared active are considered (see section 3.1). Their
Raman scattering intensity depends on the changes δχ of the polarizability tensor ele-
ments with contributions of the normal coordinates and the electric field components
δχNij =
∂χij
∂QN
QN +
∂χij
∂EN
EN
=
[
∂χij
∂QN
+
(ω2TN − ω2)
ωTN
√
ε0(εsN − ε∞N)
∂χij
∂EN
]
QN
=
{
3∑
α=1
[
∂χij
∂Qα
∂Qα
∂QN
+
(ω2TN − ω2)
ωTN
√
ε0(εsN − ε∞N)
∂χij
∂Eα
∂Eα
∂EN
]}
QN
=
3∑
α=1
[
∂χij
∂Qα
· ∂Qα
∂QN
·
(
1 +
ω2TO,α − ω2
CFHα,ij · ω2TO,α
)]
QN .
(3.30)
The letter N denotes the ordinary transverse, extraordinary transverse and the ex-
traordinary longitudinal phonon with the normal coordinates QTo, QTe, QLe and the
electric fields ETo, ETe, ELe, respectively. The relation between EN and QN follows
from the Born-Huang equations (3.9) and (3.10) given in section 3.2.
QTo =
ωT⊥
√
ε0 (εs⊥ − ε∞⊥)
ω2T⊥ − ω2
ETo,
QTe =
ωT⊥
√
ε0 (εs⊥ − ε∞⊥)
ω2T⊥ − ω2
ETe,
QLe =
ωT‖
√
ε0
(
εs‖ − ε∞‖
)
ω2T‖ − ω2
ELe.
(3.31)
The normal coordinates are decomposed introducing the angles ϕ and θ which de-
fine the direction of the wavevector
#»
k = k (sin θ · cosϕ, sin θ · sinϕ, cos θ). The
direction of the three normal coordinates
#»
QTo⊥ #»QTe⊥ #»QLe is given by #»QTo⊥(z axis, #»k ),
#»
QTe⊥( #»k , #»QTo), and #»QLe ‖ #»k :
#»
QTo = − sinϕ Qx #»e x + cosϕ Qy #»e y,
#»
QTe = − cosϕ cos θ Qx #»e x − sinϕ cos θ Qy #»e y + sin θ Qz #»e z,
#»
QLe = cosϕ sin θ Qx
#»e x + sinϕ sin θ Qy
#»e y + cos θ Qz
#»e z.
(3.32)
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In equation (3.30) the cartesian coordinates x, y, and z are numbered in sequence
by α. The frequencies of the transverse phonon polarized in the (x, y) plane (parallel
to the z axis) are indicated by ωTO,1 = ωTO,2 = ωTO,E1 (ωTO,3 = ωTO,A1).
Using equation (3.32) the components of the atomic displacement tensor can be
expressed as:
∂χij
∂QTo
=
∂χij
∂Qx
∂Qx
∂QTo
+
∂χij
∂Qy
∂Qy
∂QTo
+
∂χij
∂Qz
∂Qz
∂QTo
= −∂χij
∂Qx
sinϕ+
∂χij
∂Qy
cosϕ,
∂χij
∂QTe
=
∂χij
∂Qx
∂Qx
∂QTe
+
∂χij
∂Qy
∂Qy
∂QTe
+
∂χij
∂Qz
∂Qz
∂QTe
= −∂χij
∂Qx
cos θ · cosϕ− ∂χij
∂Qy
cos θ · sinϕ+ ∂χij
∂Qz
sin θ,
∂χij
∂QLe
=
∂χij
∂Qx
∂Qx
∂QLe
+
∂χij
∂Qy
∂Qy
∂QLe
+
∂χij
∂Qz
∂Qz
∂QLe
=
∂χij
∂Qx
sin θ · cosϕ+ ∂χij
∂Qy
sin θ · sinϕ+ ∂χij
∂Qz
cos θ.
(3.33)
Similarly, the components of the electro-optic tensor are obtained. The coefficients of
the electro-optic tensor are related to those of the second harmonic generation tensor
dα,ij [82]:
∂χij
∂Eα
= 4 dα,ij . (3.34)
According to Claus et al.[69]2, the Raman tensors for polar modes in hexagonal
crystals with point group C6v have the following form:
α = 1, E1(x) :
∂χij
∂Qx
=

 0 0 cTO0 0 0
cTO 0 0

 , ∂χij
∂Ex
=

 0 0 ce0 0 0
ce 0 0

 ,
α = 2, E1(y) :
∂χij
∂Qy
=

0 0 00 0 cTO
0 cTO 0

 , ∂χij
∂Ey
=

0 0 00 0 ce
0 ce 0

 ,
α = 3, A1(z) :
∂χij
∂Qz
=

aTO 0 00 aTO 0
0 0 bTO

 , ∂χij
∂Ez
=

ae 0 00 ae 0
0 0 be

 .
(3.35)
2The authors corrected some errors appearing in older tables.
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The relation between the electro-optic tensor components
(
∂χij
∂Eα
)
and the atomic dis-
placement tensor components
(
∂χij
∂Qα
)
can be expressed using the Faust-Henry [29]
coefficients which were introduced in equation (3.30):
CFHα,ij =
√
ε0(εsα − ε∞α)
ωTO,α
·
(
∂χij
∂Qα
)
(
∂χij
∂Eα
) , (3.36)
where εs1 = εs2 = εs⊥ (ε∞1 = ε∞2 = ε∞⊥) denotes the static (high-frequency) dielectric
constant in the (x, y) plane, and εs3 = εs‖ (ε∞3 = ε∞‖) the static (high-frequency)
dielectric constant parallel to the z axis (see section 3.2). According to the symmetry
of the tensors in equation (3.35), three different Faust-Henry coefficients will appear:
CFHc = C
FH
1,31 = C
FH
1,13 = C2,23 = C
FH
2,32,
CFHa = C
FH
3,11 = C
FH
3,22,
CFHb = C
FH
3,33.
(3.37)
The Raman scattering intensity can now be written as:
IN(ω) =
(ωs
c
)4
V L
∣∣∣ #»e S · R˜N · #»e L∣∣∣2 |〈1 + nω|QN |nω〉|2 . (3.38)
The index N refers to the ordinary transverse phonon (N = To), extraordinary trans-
verse phonon (N = Te), and extraordinary longitudinal phonon (N = Le), respectively.
The three matrices R˜N are:
R˜To = C ·

 0 0 − sinϕ0 0 cosϕ
− sinϕ cosϕ 0

 , (3.39)
with
C(ω) = cTO ·
(
1 +
ω2TO,E1 − ω2
CFHc ω
2
TO,E1
)
,
R˜Te =

 A sin θ 0 −C cos θ cosϕ0 A sin θ −C cos θ sinϕ
−C cos θ cosϕ −C cos θ sinϕ B sin θ

 , (3.40)
and
R˜Le =

 A cos θ 0 C sin θ cosϕ0 A cos θ C sin θ sinϕ
C sin θ cosϕ C sin θ sinϕ B cos θ

 , (3.41)
with
A(ω) = aTO ·
(
1 +
ω2TO,A1 − ω2
CFHa ω
2
TO,A1
)
,
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and
B(ω) = bTO ·
(
1 +
ω2TO,A1 − ω2
CFHb ω
2
TO,A1
)
.
In the limit of ω → ωTO, the coefficients A(ω), B(ω), and C(ω) result in the Raman
tensor elements aTO, bTO, and cTO.
3.5 Selection rules
Equation (3.38) describes the Raman scattering intensity of phonons (180◦ backscat-
tering, 90◦ scattering geometry or near-forward scattering) as well as phonon polari-
tons (near-forward scattering). The following discussion will mainly focus on phonons
(large wavevectors).
In case of phonons (large wavevectors), the matrix elements in equation (3.38) are
|〈1 + nω |QN |nω〉|2 = ~ (1 + nω)
2V ω
. (3.42)
For angles between wavevector and optical axis in the range θ = 0◦ . . . 90◦ the
symmetry of the extraordinary TO and LO phonons is of mixed character (see figure
3.3). However, for the angles θ = 0◦ and θ = 90◦ the phonons can be assigned to the
following symmetries: The ordinary TO phonons have symmetry E1 with polarization
in the (x, y) plane independent on the angle θ. The extraordinary TO phonons have
symmetry E1 for θ = 0◦ with polarization in the (x, y) plane and symmetry A1 for
θ = 90◦ with polarization in direction z. The Raman tensors are then
E1(TO) : − R˜To(ϕ = 90◦) = −R˜Te(θ = 0◦, ϕ = 0◦) = ∂χij
∂Qx
=

 cTO
cTO

 ,
R˜To(ϕ = 0
◦) = −R˜Te(θ = 0◦, ϕ = 90◦) = ∂χij
∂Qy
=

 cTO
cTO


A1(TO) : R˜Te(θ = 90
◦) =
∂χij
∂Qz
=

aTO aTO
bTO

 .
(3.43)
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The extraordinary LO phonons have symmetry A1 with polarization in direction z
for θ = 0◦ and symmetry E1 with polarization in the (x, y) plane for θ = 90◦. The
Raman tensors are
E1(LO) : R˜Le(θ = 90
◦, ϕ = 0◦) =

 cLO
cLO

 ,
R˜Le(θ = 90
◦, ϕ = 90◦) =

 cLO
cLO


A1(LO) : R˜Le(θ = 0
◦) =

aLO aLO
bLO

 .
(3.44)
Due to the macroscopic electric field accompanying the LO phonons, their Raman
tensor elements are different from the TO phonon ones. The tensor elements are
related by
aLO = aTO
(
1 +
ω2TO,A1 − ω2LO,A1
CFHa · ω2TO,A1
)
bLO = bTO
(
1 +
ω2TO,A1 − ω2LO,A1
CFHb · ω2TO,A1
)
cLO = cTO
(
1 +
ω2TO,E1 − ω2LO,E1
CFHc · ω2TO,E1
)
.
(3.45)
For completeness the Raman tensors for the nonpolar phonons with E2 symmetry
are presented:
E2 : R˜
(1)
E2
=

 −d−d

 , R˜(2)E2 =

d −d

 . (3.46)
In order to determine the scattering efficiency of this twofold degenerated phonon
mode the contributions of both Raman tensors given in equation (3.46) have to be
added: ∣∣∣ #»e S · R˜E2 · #»e L∣∣∣2 = ∣∣∣ #»e S · R˜(1)E2 · #»e L
∣∣∣2 + ∣∣∣ #»e S · R˜(2)E2 · #»e L
∣∣∣2 . (3.47)
The scattering intensity of the E2 phonon does not depend on the phonon wavevector.
Therefore, and due to its strong intensity it is suitable as reference phonon for nor-
malization of the Raman spectra. The calculation of the Raman scattering intensity
according to equation (3.38) with the Raman tensors defined in equations (3.39)-
(3.41) requires as input data the directions of the polarization vectors and the phonon
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wavevector. As mentioned in section 3.4, the direction of the phonon wavevector
#»
k Ph
can be described by the angle θ between
#»
k Ph and the z axis and the angle ϕ between
the orthogonal projection of
#»
k Ph on the (x, y) plane and the x axis.
Table 3.1 shows the scattering configurations used in this work allowing to mea-
sure the Raman intensity of all observable optical phonons of wurtzite-type GaN. The
scattering configurations are given with respect to the Porto notation [83]. x(zx)y, for
instance, means (from left to right) propagation of the exciting laser light parallel to
the x axis of the crystal, z and x refer to the direction of the polarization vectors of in-
cident and scattered light, respectively, and y indicates the direction of the wavevector
of the scattered light.
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Tab. 3.1: Allowed Raman tensor elements for different scattering configurations which are given with
respect to the Porto notation. The angle θ refers to the included angle between phonon wavevector
#»
k Ph and z axis (c axis of the crystal).
Scattering Angle Contribution of
configuration θ Raman tensor elements
180
◦ scattering geometry
z(yy)z¯, z(xx)z¯ 0◦ a2LO + d
2
z(yx)z¯, z(xy)z¯ 0◦ d2
x(yy)x¯ 90◦ a2TO + d
2
x(yz)x¯, x(zy)x¯ 90◦ c2TO
x(zz)x¯ 90◦ b2TO
x(uu)x¯ 90◦ 1/4(aTO + bTO)
2 + c2TO +
1/4d2
x(uv)x¯ 90◦ 1/4(aTO − bTO)2 + 1/4d2
90
◦ scattering geometry
y(zz)x 90◦ b2TO
y(zy)x, y(xz)x 90◦ 1/2c2TO + 1/2c
2
LO
y(xy)x 90◦ d2
x(yy)z 45◦ 1/2a2TO +
1/2a2LO + d
2
x(yx)z 45◦ d2
x(zy)z 45◦ c2TO
x(zx)z 45◦ 1/2c2TO +
1/2c2LO
0
◦ scattering geometry
x(zz)x θ cos2 θ · b2LO + sin2 θ · b2TO
x(zy)x, x(yz)x θ c2TO
x(yy)x θ cos2 θ · a2LO + sin2 θ · a2TO + d2
x(uz)x, x(zu)x θ 1/2 cos2 θ · b2LO + 1/2 sin2 θ · b2TO + 1/2c2TO
x(uy)x, x(yu)x θ 1/2 cos2 θ · a2LO + 1/2 sin2 θ · a2TO + 1/2c2TO + 1/2d2
x(uu)x θ 1/4 cos2 θ · (aLO + bLO)2 + 1/4 sin2 θ · (aTO + bTO)2 + c2TO + 1/4d2
x(uv)x θ 1/4 cos2 θ · (aLO − bLO)2 + 1/4 sin2 θ · (aTO − bTO)2 + 1/4d2
x: [100], y: [010], z: [001], u: [011], v: [011¯]
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4 Influence of mechanical strain on
Raman modes
Owing to the influence of strain on the phonon frequencies Raman spectroscopy is
used for the investigation of strain with high spatial resolution. First, the effect of strain
on the frequency shift of Raman scattered light in case of wz-GaN is explained in the
framework of continuum mechanics. The experimental setup required for performing
confocal micro-Raman measurements in order to analyze residual stress, for instance,
is given in detail. Finally, results of a residual stress analysis will be presented.
4.1 Linear elasticity theory
The growth of GaN on foreign substrates typically leads to built-in strain in heteroepi-
taxial layers due to the lattice mismatch and the differences in thermal expansion
coefficients between GaN and the substrate.
The c plane GaN layers grown on sapphire are expected to experience biaxial strain
in the basal plane along the two main in-plane directions. Since these directions are
parallel to the crystal principal axes, the shear stress components can be assumed to
be zero. In the limit of linear elasticity theory, Hookes law (equation (2.3)) gives:


σ1
σ2
σ3
0
0
0


=


C11ε1 + C12ε2 + C13ε3
C12ε1 + C11ε2 + C13ε3
C13ε1 + C13ε2 + C33ε3
C44ε4
C44ε5
C66ε6


. (4.1)
As can be seen from equation (4.1), the corresponding shear strain components ε4,
ε5, and ε6 yield zero as well. The stress component σ3 along the growth direction
parallel to the c axis vanishes because the surface is free to expand or contract. From
equation (4.1) it follows that the strain along the growth direction can be expressed
by the two in-plane strain components:
ε3 = −C13
C33
(ε1 + ε2) or εzz = −C13
C33
(εxx + εyy). (4.2)
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For compressive strain in the basal plane the strain in the growth direction will be
tensile. Assuming isotropic biaxial in-plane strain (ε1 = ε2) equation (4.2) reads:
ε3 = −2C13
C33
ε1 or εzz = −2C13
C33
εxx, (4.3)
where the term 2C13/C33 denotes the biaxial Poisson ratio Rbiax (see table 4.2). Insert-
ing equation (4.3) in equation (4.1) the in-plane stress components can be expressed:
σ1 = σ2 = (C11 + C12 − 2C
2
13
C33
)ε1 or
σxx = σyy = (C11 + C12 − 2C
2
13
C33
)εxx.
(4.4)
The term [C11 + C12 − (2C213/C33)] refers to the biaxial modulus Y biax (see table 4.2).
The resulting phonon frequencies of a strained wurtzite crystal are shifted or split with
respect to the strain-free values ω0 which is shown schematically in figure 4.1. In the
linear strain approximation the relation between these relative shifts or splittings of
the Raman active phonon modes and the strain components was described by Briggs
et al.[84]:
∆ωA1 = aA1(εxx + εyy) + bA1εzz, (4.5)
∆ωE1 = aE1(εxx + εyy) + bE1εzz ± cE1
[
(εxx − εyy)2 + 4ε2xy
]1/2
, (4.6)
∆ωE2 = aE2(εxx + εyy) + bE2εzz ± cE2
[
(εxx − εyy)2 + 4ε2xy
]1/2
. (4.7)
The degenerated modes E1 and E2 experience a splitting in case of (i) non-isotropic
biaxial in-plane strain (i.e. εxx 6= εyy) and/or (ii) a non-zero shear strain component
εxy. The coefficients a, b, and c refer to the corresponding phonon deformation
potentials. Reports on experimental [54, 85–88] as well as theoretical determinations
[89, 90] of the parameters a and b are available in literature. However, depending
on the applied set of elastic constants the experimentally determined values of a and
b differ as shown in table 4.1 in case of the phonon deformation potentials of the
E2,high phonon mode in wz-GaN.
Neglecting phonon splitting1 equations (4.5)-(4.7) can be rewritten by inserting
equations (4.3) and (4.4):
∆ωPh = ωPh − ω0 = 2aPhεxx + bPh
(
−2C13
C33
)
εxx
=
(
2aPhC33 − 2bPhC13
C33(C11 + C12)− 2C213
)
σxx
= KbiaxPh σxx,
(4.8)
where the index ‘Ph’ refers to the phonon symmetry2 and KbiaxPh denotes the stress
coefficient assuming biaxial stress in the c plane.
1In case of isotropic biaxial in-plane strain and shear strain components are zero.
2i.e. A1, E1 or E2
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Fig. 4.1: Principle of stress measurement by Raman spectroscopy. The observed phonon frequencies
of a strained crystal are shifted with respect to the strain-free values ω0.
Typically, the relative shift of the E2,high Raman mode is chosen for the residual stress
analysis in wz-GaN [7, 9, 17–19]. Inserting the set of elastic constants reported by
Wright et al.[43] (see table 2.1), one yields the biaxial stress coefﬁcient KbiaxE2,high in
dependence on reported phonon deformation potentials of this Raman active mode
(table 4.1). In this work, the biaxial stress coefﬁcient according to Davydov et al.[86]
is adopted.
Tab. 4.1: Phonon deformation potentials of the E2,high Raman mode of wz-GaN at 300 K and the
corresponding biaxial stress coefﬁcient KbiaxE2,high taking the set of elastic constants by Wright et al.[43].
aE2,high (cm−1) bE2,high (cm−1) KbiaxE2,high (cm
−1 GPa−1) Reference
-742 -715 -2.49 calc. [90]
-850 -920 -2.74 exp. [86]
-850 -963 -2.69 exp. [87]
-911 -852 -3.09 exp. [88]
4.2 Residual stress analysis
In order to optimize the growth conditions and to understand relaxation mechanisms
of thermal strain a series of GaN layers deposited on sapphire substrates differing in
ﬁlm thickness was investigated. As a non-destructive tool for characterization micro-
Raman spectroscopy was used in this work. This allows to monitor changes in residual
stresses within the GaN ﬁlms with a high lateral and depth spatial resolution. More-
over, photoluminescence measurements and ﬁnite element simulations were applied
to complement the Raman results.
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4.2.1 Experimental details
Growth of the samples
The epitaxial (0001) GaN layers investigated in the present study were grown by
hydride vapor phase epitaxy (HVPE) in a commercial single-wafer Aixtron system with
a horizontal design. The HVPE growth was performed on GaN templates with a
diameter of 2 inch and a layer thickness of 3 µm grown in an Aixtron 200/4 RF-S
MOVPE system. For defect reduction a SiN-interlayer was included [91]. The (0001)-
oriented sapphire substrates had a miscut of 0.3◦ towards the a plane and a thickness
of 430 µm. As the growth was carried out in the group of Prof. Dr. Ferdinand Scholz
(Ulm University), details of the growth conditions are described by Brückner et al.[92].
The total film thickness varied from 20 µm to 300 µm and no separation during
cooldown from the growth temperature of 1050◦C to room temperature occurred.
Curvature measurement
After the growth, the 2′′ wafers were cut into fragments comparable in size and shape
as well as the wafer position they were taken from. One piece of every GaN layer
thickness, respectively, was used for the investigations described in the following.
The curvature values of the wafer fragments were obtained by means of the profile
method and were conducted by Dr. Frank Habel (Freiberger Compound Materials
GmbH). The diamond tip of a MarSurf perthometer (Mahr GmbH) scanned the sur-
face with constant velocity. The deflexion of the tip was detected and resulted in the
surface profile. In order to separate any signal generated by variation of the layer
thickness as well as inhomogeneities in the surface morphology, the measurements
were carried out on the backside of the sapphire substrate. Assuming spherical bend-
ing the obtained surface profiles were exploited to determine the radii of curvature.
FEM simulation
A numerical model of the bilayer system was developed by Dr. Martin Abendroth
(TU Bergakademie Freiberg, Institute of Mechanics and Fluid Dynamics) to analyze
the elastic strains and stresses across the substrate and the GaN film using the finite
element method (FEM). The geometry of the model is an axisymmetric cross section
of a circular wafer with a radius of 5 mm. This radius approximately corresponds
to the size of the fragments where curvature, Raman, and photoluminescence mea-
surements were performed. The nodes at the outer radius are not constrained which
agrees with free edges of the fragments. The ratio of total thickness and radius for
the considered specimens ranging between 0.09 and 0.146 raised doubts about the
applicability of classical plate theory. Therefore, axisymmetric plate elements in the
numerical model were discarded. Instead, axisymmetric 8-node continuum elements
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were chosen to simulate all relevant deformation mechanisms using the Abaqus finite
element code [93]. Non-linear geometrical effects were taken into account as well.
Raman setup
Room temperature Raman measurements on the wafer fragments were performed in
the center region of each sample in backscattering geometry using a Labram HR 800
Horiba Jobin Yvon (Villeneuve d’Ascq, France) spectrometer with a thermoelectrically
cooled charge-coupled device (CCD) detector. The spectral calibration was realized
employing a mercury vapor lamp. For excitation the 532 nm (2.33 eV) line of a
frequency-doubled Nd:YAG laser was used. By passing the laser through a 100x
Olympus microscope objective, the linearly polarized laser beam was focused on the
surface of the GaN films. The scattered light was collected by the same objective and
contained both the z(yx)z¯ (crossed polarization) and z(yy)z¯ (parallel polarization)
configurations with the z direction oriented parallel to the c axis of the samples.
As GaN is transparent in the visible spectral range, it is possible to obtain depth
dependent information with a lateral resolution of about 1 µm by using the confocal
technique [94]. Figure 4.2(a) shows schematically the described optical path and
illustrates the principle of the confocal microscopy. Moving the focal plane indicated
by the horizontal solid line allows scanning the GaN layer. The observable Raman
modes were fitted in order to obtain the spectral position as function of the distance
from the GaN/sapphire interface. By varying the diameter of the confocal hole the
depth resolution was adjusted to be 3 µm (up to a GaN layer thickness of 100 µm)
and 25 µm (for layer thicknesses greater than 100 µm).
4.2.2 Results and discussion
Wafer curvature model
The curvature of the investigated GaN/sapphire wafer fragments was determined
mechanically by the profile method. The fragments of the 2′′ wafers comparable
in size and shape were assumed to be spherically bended. With this assumption,
the obtained surface profiles were exploited to determine the radii of curvature. The
observation of a convex curvature confirms that GaN films epitaxially grown on sap-
phire are under biaxial compression in the plane perpendicular to the c axis at room
temperature because GaN has a smaller thermal expansion coefficient than sapphire
[45]. The experimental curvature values of the wafer fragments as a function of the
GaN layer thickness are plotted as circles in figure 4.3. In order to interpret these
curvature data an appropriate wafer bending model is needed. Although, several
models on wafer bending have been presented in literature [96–98], the approach
established by Etzkorn and Clarke [11] was chosen due to its invariance against
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Fig. 4.2: (a) The optical path of the Raman backscattering setup illustrates the principle of the confocal
technique. Thus, depth dependent information as function of the distance from the GaN/sapphire
interface is obtained. (b) According to the selection rules for GaN the ﬁgure shows a typical Raman
spectrum recorded in backscattering geometry. The E2,high mode is affected by strain resulting in a shift
of the phonon peak position as indicated by the arrows. Reprinted ﬁgure with permission from [95].
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permutation of the layer and the substrate [12]. It should be noticed that the Et-
zkorn/Clarke model assumes elastically isotropic materials, spherical bending, a bi-
axial stress state, and only thermal expansion mismatch strain. According to equation
(2.6) the strain perpendicular to the c axis is expressed as
εth =
∫ TRT
TG
(
αsubstratea (T )− αfilma (T )
)
dT, (4.9)
where TG = 1050◦C is the growth temperature, TRT = 25◦C is the room tempera-
ture, and αsubstratea (T ) and α
film
a (T ) are the respective temperature dependent thermal
expansion coefﬁcients in the a direction. The parameter set (table 4.2) required for
the simulations by means of this mechanical bending model was obtained using the
elastic stiffness constants Cij of GaN and sapphire reported by Wright et al.[43] and
Wachtman et al.[99], respectively. As the relation C11+C12 ≈ C13+C33 which is iden-
tically fulﬁlled by cubic crystals and elastically isotropic materials [61] holds for GaN,
the respective model assumption is suitable as well. Taking the thermal expansion
coefﬁcients of sapphire [12] and GaN [42], and neglecting their temperature depen-
dence, the theoretical thermally induced mismatch in-plane strain εth was calculated.
Equation (4.9) results in εth = −1.74×10−3 at the GaN/sapphire interface. This value
was used in the Etzkorn/Clarke model resulting in the simulated wafer curvature as
a function of the GaN layer thickness represented by the solid line in ﬁgure 4.3. The
comparison with the experimentally determined curvature gives a good agreement,
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Fig. 4.3: The convex radii of curvature of the wafer fragments (circles) as function of the GaN layer
thickness were ﬁtted to the Etzkorn/Clarke bending model [11]. The ﬁt is represented by the dashed
line. Curvature values derived from FEM are depicted by triangles whereas the solid line corresponds
to the simulation by the Etzkorn/Clarke model. Both numerical calculations were performed assum-
ing only thermal mismatch strain εth = −1.74 × 10−3. Reprinted ﬁgure with permission from [95].
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as can be seen in ﬁgure 4.3. Differences could be explained by (i) neglecting the
temperature dependence of the thermal expansion coefﬁcients, and (ii) a tensile in-
plane strain, already being present during growth [13] which is not considered in this
study.
Tab. 4.2: Biaxial modulus Y biax, biaxial Poisson ratio Rbiax, and thermal expansion coefﬁcient αa of
wz-GaN and sapphire.
wz-GaN sapphire
(biaxial in c plane) Reference (biaxial in c plane) Reference
Y biax 450 GPa [43] 612 GPa [99]
Rbiax 0.509 [43] 0.445 [99]
αa 6.2× 10−6 K−1 [42] 7.9× 10−6 K−1 [12]
Further, the applicability of the Etzkorn/Clarke model was examined. Thereto, a
ﬁnite element model of the bilayer system was developed taking non-linear geo-
metrical effects except buckling into account. In order to analyze elastic strains and
stresses across the sapphire substrate and the GaN ﬁlm an axisymmetric cross section
of a circular wafer (radius of 5 mm) as well as 8-node axisymmetric continuum ele-
ments were used by the FEM approach. The simulation of the circular cross section in
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case of an axisymmetrically bent wafer revealed non-zero off-diagonal strain tensor
elements. These shear strain components are largest at the outer radius of the model
where the nodes were not constrained. This assumption agrees with free edges of the
samples. However, the shear strain relaxes rapidly from the outer edge within a hor-
izontal range of approximately the total thickness of the bilayer system. Thus, in the
wafer center where FEM data were deduced the off-diagonal strain tensor elements
are negligible with respect to the diagonal ones which makes biaxial stress conditions
given by εxx = εyy 6= εzz suitable.
The thermal mismatch strain inducing the curvature of the bilayer finite element
model can be implemented (i) by setting the thermal expansion coefficients for the two
materials and simulating the thermal contractions of the cooling process numerically
or (ii) by assuming initial stress in the layers. The values for the initial stress can be
determined using the formulas given by Etzkorn and Clarke [11].
Both options were employed and compared with each other and the Etzkorn/Clarke
model, respectively. The marginal difference of both curvature curves calculated by
FEM (not shown in figure 4.3) is due to the thermal contraction of the composite
which is considered in the first case only. The wafer curvature of discrete GaN layer
thicknesses derived from FEM simulations was plotted in figure 4.3 assuming the
theoretical thermally induced mismatch strain εth. The computed curvature values of
the fragments are about 2% higher than the theoretical values by Etzkorn/Clarke.
In agreement with Freund [100] these discrepancies between the Etzkorn/Clarke
model and the FEM calculations are negligible. In his work, Freund focused the
discussion on the limit of the linear range considering the relationship between mis-
match strain and substrate curvature. For this purpose, two dimensionless parameters
- normalized curvature K and normalized mismatch strain S - were introduced. The
magnitude of the normalized mismatch strain takes the form
S =
3R2εthhfY
biax
f
2h3sY
biax
s
(4.10)
where R is the substrate radius, the product εthhfY biaxf represents the membrane
force in the film, hs and Y biaxs denote thickness and biaxial modulus of the substrate,
respectively.
Assuming spatially uniform curvature, the relation between normalized mismatch
strain S and normalized curvature K takes the form
S = K
[
1 + (1− νs)K2
]
(4.11)
in the case hf ≪ hs, where νs is the Poisson ratio of the substrate being 0.295 for
sapphire [99]. The graph of equation (4.11) is shown as solid line in figure 4.4(a)
along with the linear relationship between normalized curvature K and normalized
mismatch strain S depicted by the dashed line. In the case of system parameter sets
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Fig. 4.4: (a) Relationship between normalized curvature K and normalized mismatch strain S implied
by equation (4.11) with νs = 0.295 for sapphire (solid line). The dashed line represents the linear
relationship implied by the Etzkorn/Clarke model. (b) Contour plot showing levels of the normalized
mismatch strain S as function of the substrate radius R and the film thickness hf implied by equation
(4.10) with εth = −1.74× 10−3 and hs = 430 µm. The red lines mark the maximum film thickness and
substrate radius of the investigated samples, respectively. Reprinted figure with permission from [95].
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according to equation (4.10) for which S > 0.3, non-linear geometrical effects have
to be taken into account. Further, in order to estimate such sets of system parameters,
figure 4.4(b) illustrates the contour plot showing levels of the normalized mismatch
strain S as function of the substrate radius R and the film thickness hf with a substrate
thickness hs = 430 µm and a theoretical thermal mismatch strain εth = −1.74× 10−3
(see above). The red lines in figure 4.4(b) mark the maximum GaN layer thickness
and fragment radius of the investigated samples. As for the dimensions of each
specimen analyzed S < 0.3 holds, the influence of non-linear geometrical effects on
the results can be neglected. Thus, the use of the Etzkorn/Clarke model as approach
is justified. However, the advantage of the numerical finite element model taking
non-linear geometrical effects into account becomes relevant when considering larger
diameter and/or thicker samples.
Finally, the curvature values of the wafer fragments determined by the profile
method were fitted to the Etzkorn/Clarke bending model leading to the parameter
εth = −1.84 × 10−3 which is a measure of the residual thermal strain with a corre-
lation coefficient R = 0.99 (six samples). Figure 4.3 shows the fit as function of the
GaN layer thickness depicted by the dashed line.
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Raman scattering measurements
Confocal Raman measurements were carried out on three different points in the cen-
ter region at each GaN/sapphire fragment with the same depth resolution (3 µm).
The laser focus was adjusted 5 µm below the GaN surface. The scattered light was
recorded in backscattering geometry (figure 4.2(a)) and contained both the z(yx)z¯
and z(yy)z¯ configurations. According to the selection rules discussed in section 3.5
three phonons (E2,low, E2,high, and A1(LO)) are allowed. Figure 4.2(b) shows a typical
Raman spectrum of c plane GaN recorded in backscattering z(yy)z¯ configuration.
Due to limitations of the Rayleigh filter the E2,low mode was not accessible.
All observable Raman modes are affected by strain [19, 62, 86, 90] resulting in
shifts of the phonon peak positions as indicated by the arrows in figure 4.2(b). The
position of the nonpolar E2,high mode was chosen for further investigations because it
is the only phonon observable in the used configuration merely affected by strain. On
the contrary, a coupling of the A1(LO) phonon to free charge carriers might also cause
a frequency shift and additionally a broadening of the LO phonon peak (see chapter
5). After background correction the E2,high Raman mode was fitted by a Lorentzian
function (i) to detect its spectral position as precisely as possible within ±0.03 cm−1
and (ii) to deduce the full width at half maximum (FWHM) of this phonon mode.
Figure 4.5(a) shows the mean peak position of the E2,high Raman mode as func-
tion of the GaN layer thickness. The error bars refer to the standard deviations
giving a measure for the in-plane strain variation. The observed peak positions of
the E2,high mode are shifted to higher wavenumbers compared to the reference value
of unstrained bulk GaN (E2,high: 567.6 cm−1) reported by Davydov et al.[65] which
indicates compressive stress as discussed in section 4.1. The difference in the ther-
mal expansion coefficients between GaN and sapphire can explain the compressively
stressed GaN layer at room temperature. With an increasing GaN layer thickness,
the peak position shifts to lower ω. These results are in accordance with findings
reported by Hiramatsu et al.[52] investigating the c lattice parameter as function of
the GaN layer thickness by means of XRD measurements. They observed a decrease
of the c lattice parameter with increasing GaN film thickness indicating a relaxation
of the compressive stress in the c plane. Moreover, an increase of the E2,high FWHM
values with increasing GaN layer thickness was found as depicted in figure 4.5(b). It
should be noted that the relevant measurements were conducted adjusting the laser
focus 5 µm below the GaN surface of each sample. To assess the crystalline quality
of GaN layers the FWHM is an important criterion as native defects and impurities
restrict the phonon propagation [101]. A broadening of the Raman mode FWHM
occurs due to the uncertainty of the transferred phonon wavevector in the Raman
scattering process. Thus, the observed increase of the FWHM with increasing GaN
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Fig. 4.5: (a) The mean E2,high peak position of three measurements 5 µm beneath the sample surface
from different spots (circles) as function of the GaN layer thickness. The solid line represents the simu-
lation derived from the Etzkorn/Clarke model using the fit parameter εth = −1.84× 10−3 obtained in
the previous subsection. (b) The mean E2,high full width at half maximum (FWHM) of three measure-
ments 5 µm beneath the sample surface as function of the GaN layer thickness. The increase of the
FWHM with increasing GaN film thickness assumably correlates to the dislocation developing as an
additional strain relaxation mechanism. Reprinted figure with permission from [95]. Copyright 2013
IOP Publishing Ltd.
layer thickness can be correlated directly to a dislocation developing which is an
additional mechanism of strain relaxation.
Taking the fit parameter εth = −1.84×10−3 previously obtained, the E2,high peak po-
sition 5 µm beneath the GaN surface was calculated by means of the Etzkorn/Clarke
model in dependence on the GaN layer thickness. It should be reemphasized that
the Etzkorn/Clarke model assumes a biaxial stress state. This seems most likely as the
Raman measuring points were in the center region of the GaN/ sapphire fragments.
With respect to the results of the axisymmetric FEM model discussed above shear
strain/stress components can be neglected. For the determination of the E2,high peak
position equation (4.8) and the following parameters were used: ω0 = 567.6 cm−1
(E2,high Raman frequency of unstrained bulk GaN [65]) andKbiaxE2,high = -2.7 cm
−1GPa−1
(E2,high stress coefficient assuming biaxial stress in the c plane reported by Davydov
et al.[86]). It is seen from figure 4.5(a) that the simulation which is based merely
on wafer bending and represented by the solid line agrees well with the Raman re-
sults. Nevertheless, the deviation of the experimental findings from the numerical
calculation in case of thicker samples should be ascribed to an additional strain re-
laxation mechanism like dislocation developing as supported by the FWHM analysis.
Furthermore, the residual stress distribution within each GaN film has been studied
applying the confocal technique. Scanning the GaN layer by varying the focal plane
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Fig. 4.6: The peak position of the E2,high Raman mode as function of the distance z from the interface
according to figure 4.2(a). The solid line represents the simulation for the 300 µm thick GaN sample
derived from the Etzkorn/Clarke model using the fit parameter εth = −1.84 × 10−3 (see previous
subsection). The calculation predicts a neutral axis being within the 300 µm thick GaN film. Reprinted
figure with permission from [95]. Copyright 2013 IOP Publishing Ltd.
from the top to the GaN/sapphire interface as illustrated in figure 4.2(a) and analyz-
ing the E2,high Raman mode, allowed changes in residual stress to be monitored non-
destructively. The peak position of the E2,high phonon as function of the z-coordinate
starting at the interface is shown in figure 4.6. A shift to higher wavenumbers within
all layers compared to the reference value of unstrained, bulk GaN was found. In
principle, this indicates compressive stress which is expected for GaN layers epitax-
ially grown on sapphire substrates due to the thermal expansion mismatch. The
total strain energy of heteroepitaxial systems containing strained layers can be re-
duced by bending. As convex radii of curvature were determined on the investigated
wafer fragments, a stress relaxation should occur. The decreasing wavenumber of
the E2,high spectral position within one GaN layer from the GaN/sapphire interface to
the top confirms a stress relaxation from the interface to the top of the GaN layer.
Moreover, the experimental results for the 300 µm thick GaN layer coincide quite
well to the simulation derived from the Etzkorn/Clarke model using the fit parameter
εth = −1.84× 10−3 (solid line in figure 4.6). Therefore, one relaxation mechanism of
thermally induced strain is wafer bending. In addition, the results show a decreasing
compressive stress on the top of each layer with an increasing film thickness of GaN
as predicted by the wafer bending model (see figure 4.5(a)). This observation can
be explained by simple mechanics and is ascribed to the thickness ratio of film and
substrate: The thicker the GaN layer the larger the curvature of the bilayer system
(see figure 4.3).
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Fig. 4.7: Correlation of Raman data measured at the sample surface (circles) and PL results (triangles)
as function of the GaN layer thickness. As the shift of the E2,high phonon mode and the A free exciton,
respectively, depends linearly on strain, the scaled plot evidences the same origin of the observed
effects. The solid line represents the simulation of the elastic in-plane strain εxx at the GaN surface
derived from the Etzkorn/Clarke model. For this purpose, the previously obtained parameter εth by
ﬁtting the experimental curvature values to the Etzkorn/Clarke model was employed. The scale of the
in-plane strain εxx refers to the reference E2,high phonon position of unstrained GaN (567.6 cm−1). A
difference in the Raman shift of +0.4 cm−1 (-0.4 cm−1) corresponds to a compressive (tensile) strain of
approximately 0.3× 10−3. Reprinted ﬁgure with permission from [95]. Copyright 2013 IOP Publishing
Ltd.
When a critical radius of curvature is reached a neutral axis within the GaN layer
and tensile stress in the topmost layer of the ﬁlm can be observed. By means of the
developed FEM bilayer model the elastic stresses across the GaN ﬁlm for different
layer thicknesses were simulated. In the case of a 300 μm thick GaN layer the nu-
merical calculations as well as the simulation derived from the Etzkorn/Clarke model
predict a neutral axis being within the GaN ﬁlm. Assuming 567.6 cm−1 to be the
strain-free E2,high Raman frequency, the existence of a neutral axis according to beam
theory is experimentally evidenced for the 300 μm thick GaN layer at about 200 μm
from the GaN/sapphire interface as can be seen in ﬁgure 4.6.
In addition to FEM simulations and Raman investigations, photoluminescence mea-
surements on the wafer fragments have been performed. The photoluminescence (PL)
measurements were carried out at room temperature using the 325 nm (3.82 eV) line
of a cw Kimmon HeCd laser. At room temperature the optical transition Γ9v → Γ7c
referred to as the A exciton transition (see ﬁgure 2.3(b)) is observable with the energy
gap inﬂuenced by strain [10, 62, 63]. The strain dependence of the A free exciton
transition energy EA neglecting spin-orbit interaction is given by equation (2.7) (see
section 2.4).
The experimentally determined energy positions of the A free exciton are presented in
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figure 4.7 as function of the GaN layer thickness. From the PL results the GaN layers
investigated are exposed to compressive stress as the above Raman measurements
have already shown. As the shift of the E2,high Raman mode is also linearly connected
with strain, both Raman and PL results measured at the sample surface are expected
to correlate if the obtained shifts result from an effect of strain with the same origin.
The scaled plot of PL and Raman data as function of the GaN layer thickness shows a
good correlation as can be seen in figure 4.7. The solid line in figure 4.7 represents
the simulation of the elastic in-plane strain εxx at the GaN surface derived from the
Etzkorn/Clarke model. For this purpose, the parameter εth = −1.84 × 10−3 obtained
previously by fitting the experimental curvature values to the respective mechanical
wafer bending model was employed.
4.3 Conclusion
The effects of residual strain due to the difference in thermal expansion coefficients
in GaN/sapphire heterostructures have been studied using confocal micro-Raman
spectroscopy and photoluminescence measurements. The GaN layers deposited on
sapphire substrates were found to be exposed to compressive stress. Confocal Raman
investigations revealed that wafer bending is an effective relaxation mechanism of
thermally induced stress. The wafer curvature of the specimens investigated was
obtained by means of profilometry. The comparison of experimental radii of curvature
with theoretical ones simulated by a mechanical wafer bending model as well as a
numerical FEM model taking non-linear geometrical effects into account gives an
excellent agreement.
The limitations of applicability of the Etzkorn/Clarke model describing the wafer
curvature were discussed regarding sample dimensions such as GaN film thickness
and substrate radius. Since the use of the Etzkorn/Clarke approach was justified by
FEM simulations, the experimentally determined radii of curvature were fitted to this
mechanical bending model. Using the fit parameter εth, the Etzkorn/Clarke model
was exploited to simulate the E2,high Raman frequency in dependence on the GaN
layer thickness. Deviations between these numerical calculations and the experimen-
tal results observed for thicker GaN layers give rise to additional relaxation mecha-
nisms involved. Most likely, the dislocation developing plays an important role in the
residual stress relaxation which is supported by the FWHM analysis of the E2,high Ra-
man mode. Systematic research studies of residual stress are necessary to understand
the stress relaxation phenomena involved.
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5 Influence of free charge carriers on
Raman modes
In polar semiconductors collective excitations of free charge carriers (plasmons) inter-
act with longitudinal optical (LO) phonons via their associated macroscopic electric
fields. This interaction results in two coupled modes appearing instead of a pure
plasmon and a pure LO phonon. First, basic equations are introduced allowing to
access the charge carrier concentration as well as the mobility by Raman scattering
from measured frequencies, bandwidths, and intensities of coupled phonon plas-
mon modes. Afterwards, results of the Raman spectroscopic determination of carrier
concentration and mobility on wz-GaN are presented and discussed.
5.1 Dielectric approach
As described in section 3.2 a uniaxial crystal is characterized by dielectric functions
for the optically isotropic (x, y) plane (see equations (3.7) and (3.17)) and for the
direction perpendicular to this plane which is referred to as the optical axis c (see
equations (3.8) and (3.20)). In presence of free carriers and including damping, the
dielectric function for the direction parallel to the optical axis c is written by (i) the
phonon contribution given by equation (3.20) and (ii) the plasmon (electronic) term
(see [28, 102], for instance):
ε‖(ω) = ε∞‖
[
1 +
ω2L‖ − ω2T‖
ω2T‖ − ω2 − iωΓ‖
− ω
2
P
ω2 + iωγ
]
, (5.1)
where ωT‖ and ωL‖ denote the uncoupled frequencies of the transverse and longitudi-
nal optical phonon polarized along the optical axis c, respectively, ε∞‖ refers to the
high-frequency dielectric constant (see section 3.2), Γ‖ is the phonon damping con-
stant and can be interpreted macroscopically as full width at half maximum (FWHM)
of the pure LO phonon peak at ωL‖.
The plasma frequency ωP is given by:
ωP =
√
e2n
ε0ε∞m∗
, (5.2)
54 5 Inﬂuence of free charge carriers on Raman modes
where e denotes the elementary charge, and n and m∗ refer to the concentration and
the effective mass of the free charge carriers. Barker et al.[103] demonstrated that
the plasmon frequency in GaN is isotropic within the experimental resolution.
The plasmon damping γ is related to the charge carrier mobility μ and can be ex-
pressed as:
γ =
e
m∗μ
. (5.3)
Similarly, the dielectric function for the optical isotropic (x, y) plane can be treated.
For further reading and details see [26, 27].
    





5
DP
DQ
V
KL
IW
F
P


ω
3
FP
ω
/2$ ω
72$
/

/

Fig. 5.1: Solutions of equation (5.4): dispersion of the L+ and the L− branches in wz-GaN (A1 type)
as a function of the plasma frequency ωP.
The interaction of free charge carriers (plasmons) with longitudinal optical phonons
via their associated macroscopic electric ﬁelds results in two coupled modes appear-
ing instead of a pure plasmon and a pure LO phonon. The TO phonon is uneffected.
Coupled LO phonon plasmon modes which have mixed plasmon phonon character
were ﬁrst proposed by Varga [104] and ﬁrst observed by Mooradian and Wright [105]
in GaAs and by Hon and Faust [106] in GaP. The lineshape and peak frequency of
the two coupled modes change sensitively with the carrier concentration n and mo-
bility μ. A crude estimation of the charge carrier concentration can be obtained using
simple Drude theory. Neglecting the damping terms in equation (5.1) and solving the
relation ε‖(ω) = 0, one obtains the coupled mode equation:
ω2± =
1
2
[(
ω2P + ω
2
L‖
)±
√(
ω2P − ω2L‖
)2
+ 4ω2P
(
ω2L‖ − ω2T‖
)]
. (5.4)
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The roots of equation (5.4) denote the frequencies ω+ and ω− of the resulting L+
and L− coupled modes, respectively. In figure 5.1 both, the L+ and L− branches are
shown as function of the plasma frequency ωP in case of A1 symmetry. In the limit of
ωP → 0, i.e. carrier density n→ 0, the lower branch converges to zero and the upper
to the frequency of the (pure) A1(LO) phonon mode. With increasing ωP the L+ mode
shifts to higher frequency. For large ωP the L− branch approaches the frequency of
the transverse phonon TO(A1).
For a more precise evaluation of the charge carrier concentration as well as the
mobility, a lineshape fitting analysis based on a semiclassical approach taking the
scattering mechanisms into consideration can be applied [28]. The Raman scattering
by LO phonon plasmon modes is due to the following mechanisms:
A) modulation of the optical polarizability by atomic displacements (deformation po-
tential scattering) and by the macroscopic longitudinal electric field (electro-optical
scattering),
B) scattering due to charge density fluctuations of the free carriers.
As the Raman scattering of the coupled modes in wz-GaN is dominated by the first
mechanism [34] the following discussion will be confined to this case. The Raman
lineshape can then be described by:
I(ω) = S A(ω) Im
[
− 1
ε(ω)
]
, (5.5)
where S is a constant factor and A(ω) is given by:
A(ω) = 1 + CFHα
2ω2TO,α
∆
[
ω2Pγ
(
ω2TO,α − ω2
)− ω2Γ (ω2 + γ2 − ω2P)]
+ CFHα
2 ω
4
TO,α
∆
(
ω2LO,α − ω2TO,α
) {ω2P [γ (ω2LO,α − ω2TO,α)+ Γ (ω2P − 2ω2)]+ ω2Γ (ω2 + γ2)}
(5.6)
with
∆ = ω2Pγ
[(
ω2TO,α − ω2
)2
+ ω2Γ2
]
+ ω2Γ
(
ω2LO,α − ω2TO,α
) (
ω2 + γ2
)
and CFHα refers to the Faust-Henry coefficients. According to its wurtzite structure,
in hexagonal GaN three Faust-Henry coefficients associated with phonon modes of
different symmetry exist (see equation (3.37) in section 3.4). The symmetry of the
polar phonon mode and the corresponding Raman tensor element is denoted by the
index α. The Faust-Henry coefficients are ratios describing the relative influence of
lattice displacements and the electric field onto the dielectric susceptibility [26, 29,
30]. However, in the case of wz-GaN merely the Faust-Henry coefficient connected
with the polar phonon mode of A1 symmetry and its assigned Raman tensor elements
aTO and aLO has been reported with differing values and questionable sign [31–35].
This issue will be discussed in chapter 6.
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5.2 Determination of charge carrier concentration and
mobility
In order to assess free charge carrier density and mobility in GaN layers Raman mea-
surements were carried out. By means of the confocal technique depth dependent
information, e.g. concerning the doping profile, can be obtained. Employing the
lineshape fitting analysis the carrier concentration and mobility was estimated from
measured frequencies, bandwidths and intensities.
5.2.1 Experimental details
Growth of the sample
The epitaxial (0001) GaN layer investigated in the present study was grown by hy-
dride vapor phase epitaxy (HVPE) in a commercial single-wafer system. The HVPE
growth was performed on GaN MOVPE1 templates with a diameter of 2 inch and
a layer thickness of 4 µm. The (0001)-oriented sapphire substrate had a thickness
of 430 µm. During the growth the epitaxial GaN layer was intentionally doped with
silicon (Si).
Fig. 5.2: GaN sample grown by HVPE and intentionally doped with Si. The indicated positions mark
the measuring points of the confocal Raman scans.
Raman setup
Confocal micro-Raman measurements were carried out at room temperature using
backscattering geometry. The experimental setup was the same as described in sec-
tion 4.2.1. The position z of the focal plane refers to the distance from the surface in
this case (cf. figure 4.2(a)).
1abbreviation: Metal Organic Vapor Phase Epitaxy
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Lineshape fitting
Based on the semiclassical approach introduced in section 5.1 a fitting routine was
implemented in MATHEMATICA using the plasma frequency ωP and the plasmon damp-
ing γ as adjustable parameters. Using equations (5.2) and (5.3) the carrier density
n and the mobility µ were deduced from the best fit results. As input data the fit-
ting procedure requires the measured spectra as well as several material parameters
summarized in table 5.1. According to equation (5.6) the Faust-Henry coefficient CFHα
related to the symmetry of the polar phonon mode and its Raman tensor element
is needed for the analysis. The experimental determination of the Faust-Henry co-
efficients of wz-GaN will be discussed in chapters 6 and 7. Here, it is necessary to
anticipate the result of the Faust-Henry coefficient connected with the polar phonon
mode of A1 symmetry and its assigned Raman tensor elements aTO and aLO.
Tab. 5.1: Material parameters of wz-GaN used for the lineshape fitting
Parameter Reference
ωTO,A1 531.8 cm−1 [65]
ωLO,A1 734 cm−1 [65]
Γ 6 cm−1 own data
ε∞‖ 5.31 [71]
m∗ 0.2 m0 [103]
CFHa -3.46 chapter 6
5.2.2 Results and discussion
Confocal Raman measurements were performed on four different points (see figure
5.2). The scattered light was recorded in backscattering geometry and contained
both the z(yx)z¯ and z(yy)z¯ configurations. According to the selection rules discussed
in section 3.5 three phonons (E2,low, E2,high, A1(LO)) are allowed. Figure 5.3 shows
Raman spectra measured at the sample surface (z = 0 µm) and 25 µm beneath
the surface. All spectra were normalized with respect to the strong nonpolar E2,high
phonon mode. Contrary to the previous analysis of the residual stress (chapter 4), the
present study focuses on the determination of the charge carrier density and mobility.
Here, particular attention is paid to the A1(LO) phonon spectral region. Comparing
the two spectra in figure 5.3(a), the observed shift to higher wavenumbers and the
broadening of the LO phonon peak in the spectrum taken 25 µm beneath the sample
surface can be ascribed to the coupling of free charge carriers to the A1(LO) phonon
resulting in the L+ coupled mode at 780 cm−1. The corresponding L− coupled mode
appears at about 270 cm−1 (see figure 5.3(a)).
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Fig. 5.3: Raman spectra recorded in backscattering geometry at the sample surface (z = 0 μm) and
25 μm beneath the surface. (a) The observed shift to higher frequencies and the broadening in the
A1(LO) phonon spectral region is due to the coupling of free charge carriers to the A1(LO) phonon
resulting in the L+ coupled mode. The corresponding L− coupled mode can be detected as well. (b)
The charge carrier concentration and mobility was determined by lineshape ﬁtting of the L+ coupled
mode. The ﬁtted curve is represented by the red line.
Using the implemented MATHEMATICA routine which takes the deformation potential
and electro-optical scattering mechanisms into account, the lineshape ﬁtting of the
L+ coupled mode revealed a carrier density of about 2.3×1018 cm−3 and a mobility
of 125 cm2 V−1 s−1 (see ﬁgure 5.3(b)).
The carrier concentration is in fair agreement with the density of 1.19×1018 cm−3
determined by electrical Hall measurements2. In contrast to this classical approach,
micro-Raman spectroscopy takes advantage of being a contactless method with high
spatial resolution. As GaN is transparent in the visible spectral range, it is possible
to obtain depth dependent information by means of the confocal technique. In ﬁgure
5.4 a series of Raman spectra taken at point C (see ﬁgure 5.2) in dependence on
the distance z from the surface (z = 0 μm) is depicted. The depth resolution of about
5 μm was adjusted by the diameter of the confocal hole. All spectra were normalized
with respect to the nonpolar E2,high Raman mode and shifted for clarity. The black
Raman spectrum from the sample surface (z = 0 μm) is comparable to that one
shown in ﬁgure 5.3. Within the topmost 25 μm of the GaN layer investigated the
intensity of the pure A1(LO) phonon decreases. Simultaneously, signiﬁcant indications
of the L+ coupled mode at about 780 cm−1 appear. The orange spectrum recorded
25 μm beneath the specimen surface is similar to that one shown in ﬁgure 5.3. In
the limit of the experimental resolution the carrier density and mobility are the same.
2Data kindly provided by Freiberger Compound Materials GmbH.
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From the measurements it can be deduced that the influence of free charge carriers
dominates up to about 15 µm before end of the GaN layer growth which provides
beneficial feedback on the growth process.
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Fig. 5.4: A series of confocal Raman spectra taken in backscattering geometry at point C (see figure
5.2) in dependence on the distance z from the surface (z = 0 µm). All spectra were normalized with
respect to the nonpolar E2,high Raman mode.
Furthermore, in case of potential industrial applications (i.e. providing semicon-
ducting GaN wafer for post-processing) it is worth to monitor the vertical extension
of the doped zone. For this purpose, confocal measurements were carried out at the
points A and B (see figure 5.2) as function of the distance z from the sample surface.
The Raman spectra were recorded in backscattering geometry with a depth resolution
of about 25 µm. This is meaningful since (i) the measurements are non-destructively
and (ii) LO phonons of E1 symmetry and thus coupled LO phonon plasmon modes
are not accessible in backscattering configurations from a surface perpendicular to
the c plane (e.g. side edge in direction x), see table 3.1. After background correc-
tion the A1(LO) Raman mode was fitted by a Lorentzian function to detect its spectral
position, full width at half maximum (FWHM), and intensity. In figure 5.5 the best
fit results in dependence on the distance z from the sample surface are shown. The
profiles at point A and B turned out to be very similar indicating the homogeneity of
the sample since the scans were performed in the center region and at the edge of
the wafer, respectively (see figure 5.2). In order to correlate the experimental findings
with the growth process of the GaN layer, the interpretation starts at back side of the
investigated sample following the growth direction, i.e. decreasing z (reverse measur-
ing direction). In a first stage, epitaxial GaN was grown intentionally undoped. The
recorded spectra in the range 2100 µm . . . 1400 µm are similar to that one obtained
at the sample surface (see figures 5.3(a) and 5.4). This is confirmed by the spectral
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position (figure 5.5(a)) as well as the FWHM (figure 5.5(b)) of the analyzed A1(LO)
phonon mode. The difference in the absolute intensity (figure 5.5(c)) can be ascribed
to the attenuation of the incident and scattered light due to the Lambert-Beer law.
In the second growth stage, silicon was added as dopant at a constant level. Within
the range 1400 µm . . . 900 µm both, coupled L+ and A1(LO) modes were observed
in the spectra. The intensity of the LO phonon plasmon peak increases whereas the
contribution of the A1(LO) phonon diminishes (see figure 5.5(c)). For comparison,
the scaled intensity of the nonpolar E2,high Raman mode (dashed line in figure 5.5(c))
was plotted. In case of the absence of free charge carriers no LO phonon plasmon
coupling occurs and the intensity of the A1(LO) mode shows the same behavior as the
intensity of the E2,high phonon (see figure 5.5(c) in the range 2100 µm . . . 1400 µm).
For distances z from the sample surface smaller than 900 µm (missing data points
in figure 5.5) the observed Raman mode in the spectrum is interpreted as coupled
mode rather than an A1(LO) phonon. The deduced charge carrier density is about
2.3×1018 cm−1 (see figure 5.3(b)).
In the final stage of the growth, the addition of silicon as dopant was ceased in
order to prevent undesired effects in the near surface region. The recorded Raman
spectrum at the position z = 0 µm was similar to that shown in figure 5.4. No
substantial intensity of the L+ coupled mode was detected.
5.3 Conclusion
In this chapter the influence of free charge carriers on LO phonon modes has been
studied. Micro-Raman measurements analyzing the LO phonon plasmon coupling
are widely used because such measurements are contactless, non-destructive, and
with excellent resolution lateral and in the depth. By means of the confocal technique
it was possible to monitor the doping profile of a wz-GaN single crystal. The exper-
imental observations can be directly correlated to the growth process and provide
beneficial feedback to the crystal grower. Analyzing the A1(LO) phonon spectral re-
gion of wz-GaN in series of confocal Raman spectra the doped range of the material
was deduced to be about 1400 µm. Raman measurements with a high depth reso-
lution revealed the topmost 15 µm GaN layer as well as the first (i.e. in terms of the
growth process) 700 µm to be undoped. From the lineshape fitting of the observed
L+ coupled mode the charge carrier density and mobility was determined.
The results n = 2.3×1018 cm−3 and µ = 125 cm2 V−1 s−1 are in good agreement
with Hall measurements. The applied semiclassical approach takes the deformation
potential and electro-optical scattering mechanisms into account. Thus, the use of
the determined Faust-Henry coefficients was successfully demonstrated.
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Fig. 5.5: Fit results of a series of confocal Raman spectra as function of the distance z from the sample
surface. The A1(LO) Raman mode was analyzed with respect to its (a) spectral position, (b) full width at
half maximum (FWHM), and (c) intensity. The color indicates depth profiles A and B (see figure 5.2).
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6 Faust-Henry coefficients and Raman
tensor elements
The results of systematic Raman measurements on wz-GaN single crystals in order
to access the Raman scattering efficencies of A1(TO), A1(LO), E1(TO), and E1(LO)
phonons are presented. The experimental setup using different scattering geome-
tries, i.e. 180◦, 90◦, and 0◦, is described in detail. The Faust-Henry coefficients of
wz-GaN are calculated based on the ratio of the measured Raman efficiency of the
TO phonon to the one of the LO phonon. From the relative Raman scattering cross
sections the absolute value of each Raman tensor element of wurtzite-type GaN are
determined in dependence on the respective phonon frequency.
6.1 Raman scattering intensity
Equation (3.38) describes the Raman scattering intensity of phonons as well as phonon
polaritons. In case of phonons and large wavevectors the matrix elements in equa-
tion (3.38) are given by equation (3.42). The term
∣∣∣ #»e S · R˜N · #»e L∣∣∣2 in equation (3.38)
denotes the contribution of the Raman tensor elements to the Raman scattering in-
tensity for given polarization vectors of incident and scattered light. In case of polar
phonon modes the relation between the Raman tensor elements of transverse and
longitudinal optical phonons can be expressed by equation (3.45) using Faust-Henry
coefficients. Consequently, the Faust-Henry coefficients (see equation (3.36) in sec-
tion 3.4) can be obtained by measuring the Raman scattering intensities ILO and ITO
of the corresponding LO and TO phonons in an undoped crystal:
ILO
ITO
=
(ωL − ωLO)4
(ωL − ωTO)4 ·
ωTO
ωLO
· n(ωLO) + 1
n(ωTO) + 1
·
∣∣∣∣1 + ω2TO − ω2LOCFHα ω2TO
∣∣∣∣
2
, (6.1)
where ωL refers to the frequency of the exciting laser expressed in cm−1. The deter-
mination of the Raman scattering intensities requires 180◦, 90◦, and 0◦ scattering
experiments which are described in the next section.
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6.2 Experimental setup
In order to determine the Raman scattering efﬁciency of all optical phonons accessible
in wz-GaN, various scattering geometry conﬁgurations are required. Many phonons
are detectable in 180◦ backscattering geometry, the LO(E1) phonon in 90◦ geometry
and the Raman tensor element bLO of the LO(A1) phonon only in 0◦ geometry. The
different scattering geometry arrangements used are shown in ﬁgure 6.1. In table 3.1
the scattering conﬁgurations as well as the corresponding contribution of the Raman
tensor elements are summarized as discussed in section 3.5.
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Fig. 6.1: Scattering conﬁgurations and transferred phonon wavevector: (a) 180◦ scattering (backscat-
tering), (b) 90◦ scattering, (c) 0◦ scattering (near-forward scattering) in the (x, z) plane, (d) 0◦ scattering
(near-forward scattering) in the (x, y) plane.
#»
k L and
#»
k S denote the wavevector of the laser light and
scattered light, respectively, and
#»
k Ph refers to the phonon wavevector. The index ‘i’ indicates the
corresponding values inside the crystal.
Most Raman spectra were obtained at room temperature, some backscattering
experiments were performed in a temperature range T = 80 K . . . 380 K. The lat-
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eral dimensions of a typical wz-GaN single crystal investigated in this work were
5 × 5 mm2. The typical thickness was about 1 mm.
a. 180◦ scattering:
Raman measurements were conducted using a Labram HR 800 Raman spectrom-
eter with a thermoelectrically cooled charge-coupled device (CCD) detector. The
spectra were excited applying the 532 nm (2.33 eV) line of a frequency-doubled
Nd:YAG laser at a power level of about 10 mW at the sample. By passing the
linearly polarized laser light through an Olympus microscope objective, the laser
beam was focused on the sample surface. The scattered light was collected by
the same objective and its polarization was analyzed. In figure 6.1(a) the scatter-
ing configuration is depicted with the propagation direction of the exciting laser
light and the scattered light along the x axis. Thus, the electric field of incident
and scattered light was polarized in the (y, z) plane. If the GaN sample is posi-
tioned beneath the microscope with its c axis parallel to the z axis of the laboratory
coordinate system, an angle θ = 90◦ between phonon wavevector and z axis is
realized. Other backscattering measurements were performed with the c axis ori-
ented parallel to the x axis.
b. 90◦ scattering:
In figure 6.1(b) the 90◦ scattering arrangement is shown. Raman spectra were
obtained using a T 64000 Raman spectrometer (Horiba, Jobin Yvon). The GaN
sample was positioned in the macro chamber with its c axis oriented parallel to
the z axis of the laboratory coordinate system. The spectra were excited applying
the 514.5 nm (2.41 eV) line of an Ar+-laser at a power level of about 100 mW
at the sample. The laser beam was focused onto the sample by a laser objective.
After passing the spectrometer equipped with gratings of 1800 grooves/mm in
subtractive mode, the scattered light was analyzed by a liquid nitrogen cooled
CCD detector. By means of a polarization rotator the laser beam polarization
could be changed from (i) parallel to the z axis to (ii) parallel to the x axis. The
scattered light was analyzed with polarization parallel or perpendicular to the z
axis using an analyzer positioned in the parallel light path between sample and
entrance slit of the spectrometer.
c. Near-forward scattering:
The scattering configurations are shown in figures 6.1(c) and 6.1(d). The exciting
laser beam was directed along the x axis and enters the entrance surface of the
prismatic sample. The screen placed directly in front of the entrance lens of the
imaging system is open for scattered light with a small window P’ around the point
(Y, Z). The scattered light beam includes the angle ψ with the (x, y) plane, and its
orthogonal projection on the (x, y) plane the angle δ with the x axis. Afterwards,
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the scattered light originating from the focus plane of the entrance lens passes an
analyzer and a quartz waveplate which rotates the polarization axis in the position
for which the spectrometer throughput is optimized.
Both, laser beam and sample were thoroughly adjusted in order to avoid the
capture of laser light into the spectrometer. The laser beam leaving the sample
was masked in the centre of the entrance lens of the imaging system. Furthermore,
care is necessary to avoid gathering of scattered light excited by the laser beam
partly backscattered at the inner crystal surface. As in the case of 90◦ scattering the
514.5 nm line of the exciting Ar+-laser was used and the sample was mounted in
the macro chamber of the Raman spectrometer T 64000. The exciting laser beam
was focused onto the sample by a laser objective.
6.3 Results and discussion
6.3.1 180◦ scattering
The corresponding scattering configurations listed in table 3.1 depend on the Raman
tensor elements aTO, aLO, bTO, cTO, and d. In the following the determination of the Ra-
man scattering cross sections of both, the A1(TO) and the A1(LO) phonons is discussed
in more detail. Figure 6.2 shows results of a typical measurement. All spectra were
normalized with respect to the strong and narrow nonpolar E2,high phonon mode. The
Raman scattering intensities were determined as areas under the phonon bands by
numerical integration. In order to separate the bands to be measured from weak
phonon bands forbidden according to the selection rules the phonons were fitted by
a sum of peak functions. As all phonon bands are more or less asymmetrically as
shown in figure 6.3 fitting with one simple function does not work well. In order to
exclude a possible contribution of two-phonon modes, temperature dependent mea-
surements in the range 80 K . . . 380 K have been performed. Due to the different
temperature dependence of one-phonon and two-phonon processes the contribution
of the latter should be negligible at low temperatures. However, the asymmetry can
be also observed at low temperatures, see figure 6.3.
6.3.2 90◦ scattering
The measurement of the E1(LO) phonon requires a 90◦ scattering arrangement. Fig-
ure 6.4 shows typical spectra of a wz-GaN single crystal. In this case the wavevectors
of incident and scattered light are
#»
k L = kL(0, 1, 0),
#»
k S = kS(1, 0, 0),
(6.2)
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Fig. 6.2: Raman spectra of a wz-GaN single crystal recorded in backscattering geometry employing
(i) z()z¯ configuration (z along growth direction of the crystal) and (ii) x()x¯ configurations (from a
surface in direction x). The two letters in brackets indicate the polarization direction of the incident and
scattered light, respectively. The spectra were normalized with respect to the E2,high phonon mode and
shifted for clarity.
and according to equation (3.27) the phonon wavevector is
#»
k Ph =
#»
k L − #»k S ≈ kPh · 1√
2
(−1, 1, 0). (6.3)
Due to kS ≈ kL, the angles are ϕ = 135◦ and θ = 90◦. For the polarization configura-
tion (zy) the polarization vectors are
#»e L = (0, 0, 1),
#»e S = (0, 1, 0).
(6.4)
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Fig. 6.3: Profiles of phonon bands as function of the temperature. The Raman spectra recorded in
backscattering of the A1(LO) and A1(TO) phonons were normalized with respect to the E2,high phonon
intensity obtained in z(yy)z¯ and x(yy)x¯ configuration, respectively.
With ω = ωTO,E1 in equation (3.39) and ω = ωLO,E1 in equation (3.41) one obtains∣∣∣ #»e S · R˜To · #»e L∣∣∣2 = 1
2
c2TO,∣∣∣ #»e S · R˜Le · #»e L∣∣∣2 = 1
2
c2LO.
(6.5)
The two other expressions deduced from equations (3.40) and (3.47) are∣∣∣ #»e S · R˜Te · #»e L∣∣∣2 = ∣∣∣ #»e S · R˜E2,high · #»e L∣∣∣2 = 0. (6.6)
For the polarizations (zz) and (xy) the nonvanishing expressions are∣∣∣ #»e S · R˜Te · #»e L∣∣∣2 = b2TO, (6.7)
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with ω = ωTO,A1 and ∣∣∣ #»e S · R˜E2,high · #»e L∣∣∣2 = d2. (6.8)
In the spectrum y(zy)x the E1(LO) as well as the E1(TO) phonon can be observed,
whose intensity can be obtained from backscattering measurements as well (see figure
6.2).
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Fig. 6.4: Raman spectra of a wz-GaN crystal recorded in 90◦ scattering geometry. The spectra were
normalized with respect to the E2,high phonon intensity obtained in y(xy)x configuration. All spectra
in the lower panel are shifted for clarity. The upper panel shows the experimental data of the y(zy)x
configuration and the fit results in more detail.
It should be noted that the determination of the intensity ratio r = ILO,E1/ITO,E1
requires special care. Small deviations ∆ from the exact scattering angle 90◦ have
strong influence onto the ratio r which is given by
r(∆) = r(90◦) · sin
2(90◦ +∆)
[1− cos(90◦ +∆)]2 . (6.9)
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The ratio r has no extremum at Δ = 0 but diminishes for Δ > 0 and rises for Δ < 0.
Therefore, the crystal has to be positioned very carefully. The relative intensity ILO,E1
presented in table 6.1 is the mean value of 8 measurements with different rectangular
single crystals and changing the crystal orientation by 90◦ rotation around the z axis.
6.3.3 0◦ scattering
Raman scattering of the A1(LO) phonon with the tensor element bLO responsible for
it requires the polarization (zz) of the incident/scattered light. On the other hand
a wavevector component in z direction is necessary for observation of the A1(LO)
phonon propagating in z direction. This can be achieved with near-forward scat-
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Fig. 6.5: Raman spectra of the LO(e.o.) phonon: 0◦ scattering in the (x, z) plane (see ﬁgure 6.1(c)).
The spectra are shown as function of the angle ψi between incident and scattered light wavevectors kiL
and kiS. The spectra were normalized with respect to the E2,high phonon intensity. The Raman tensor
elements bLO and aLO are responsible for the scattered intensity of the LO(e.o.) phonon using the
x(zz)x and x(yy)x conﬁgurations, respectively.
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tering in (x, z) plane, for instance (see ﬁgure 6.1(c)). Observation is possible with
a near-forward scattering in x direction. Assuming
#»
k S ≈ #»k L the phonon wavevec-
tor would be nearly parallel to the z axis for small angles ψi. However, for Stokes
scattering due to kS = 2πnS/λS < kL = 2πnL/λL the phonon wavevector has also com-
ponents in x direction. Taking the refraction at the crystal boundary into account, the
smallest angle θ between the phonon wavevector and the z axis achievable using the
laser wavelength 514.5 nm is about 19◦. From table 3.1 it is apparent that the inten-
sity of the A1(LO) phonons measured in the conﬁgurations x(zz)x and x(yy)x gives
the b2LO/a
2
LO ratio independent on the angle θ. Figure 6.5 shows spectra measured
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Fig. 6.6: Intensities of the LO(e.o.) phonon obtained in the x(zz)x and x(yy)x scattering conﬁguration
as function of the angle θ between phonon wavevector and c axis of the wz-GaN single crystal. The
spectra were normalized with respect to the E2,high phonon intensity. The mean value of the ratio of the
LO(e.o.) phonon intensities from the two conﬁgurations is 3.03.
with different positions of the window P’ on the Z axis of the screen in front of the
entrance lens of the spectrometer (Y = 0). The scattered light stems from scattering
processes inside the crystal with angles ψi between the wavevectors kiS and kiL. With
decreasing angle ψi the x component of kPh and the angle θ enlarge. Accordingly,
the frequency of the extraordinary LO phonon shifts and the contribution of the Ra-
man tensor elements with A1 symmetry diminishes. The conﬁguration x(zz)x allows
contributions of the element bTO as well. Due to the small phonon wavevector magni-
tude in near-forward scattering extraordinary polaritons with frequencies downshifted
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from the frequency ωTO,A1 are observed. Further details concerning phonon polaritons
will be discussed in the next chapter. The spectra in figure 6.5 were normalized with
respect to the E2,high intensity. In figure 6.6 it is shown that the intensity ratio of the
LO(A1) phonons measured with both polarizations is nearly constant.
6.3.4 Relative Raman scattering cross sections
In table 6.1 the Raman scattering cross sections of wz-GaN relative to the E2,high
phonon mode are summarized. Reports on measurements of relative or absolute
Raman cross sections of phonons in wz-GaN are scarce in the literature. Loa et
al.[36] describe measurements of absolute and relative efficiencies of the phonons
which are accessible in backscattering configurations. Using their values obtained on
the sample wz-GaN (3.4 µm) the ratio
ILO,A1,a(z(xx)z¯)
ITO,A1,a(x(yy)x¯)
=
0.43
0.54
= 0.80 (6.10)
arises.
Pezzotti et al.[107] investigated intensity variations of the polarized Raman bands of
E1(TO), A1(TO) and E2 wz-GaN phonons by 180◦ scattering as a function of the in-
plane rotation angle using the a plane of the crystal. However, comparisons between
the intensities of the different phonons are not given. From fits of the A1(TO) phonon
intensities as function of the rotation angle they found for the two Raman tensor
contributions a = 0.181 and b = −0.859. This corresponds to an intensity ratio
ITO,A1,a
ITO,A1,b
=
a2
b2
= 0.044 (6.11)
which is much lower than the result 0.32 for this ratio obtained in the present work or
the value 0.22 calculated with relative intensities given in [36]. A possible reason for
the differences could be the fit procedure for A1(TO) based on an incorrect equation
(20) in [107]. Inserting #»e S = #»e L = (0, cosφ, sinφ), θ = 90◦ and ωTO,A1 = 531.8 cm−1
in equations (3.38) and (3.40) one yields
I
‖
TO,A1 ∼
∣∣∣ #»e S · R˜Te · #»e L∣∣∣2 = (aTO cos2 φ+ bTO sin2 φ)2
=
1
4
[(aTO + bTO) + (aTO − bTO) cos 2φ]2 .
(6.12)
This corresponds to the 180◦ scattering along the x axis of an a plane oriented crystal
(see figure 6.1) where the angle φ lies in the a plane and is defined as angle between
the rotator/analyzer and the c axis. Measurements with angles φ = 0◦ and φ = 90◦
correspond to the configurations x(yy)x¯ with I‖TO,A1 ∼ a2TO and x(zz)x¯ with I‖TO,A1 ∼
b2TO, shown in figure 6.2. Measurements of ITO,A1,a and ITO,A1,b are easy to perform
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with our backscattering configurations x(yy)x¯ and x(zz)x¯, rotating the sample around
the x-axis by 90◦.
Regarding the scattering cross sections of the E1(LO) phonon and the A1(LO) phonon
related to the bLO Raman tensor element there is no data available in literature.
Tab. 6.1: Raman scattering cross section of wz-GaN relative to the E2,high phonon mode
Raman mode Raman shift (cm−1) Relative scattering cross section
E2,high 567.6 1
E2,low 144 (0.40±0.05)·10−2
A1(TO) 531.8 0.63±0.02
1.98±0.03
A1(LO) 734 0.66±0.02
2.00±0.03
E1(TO) 558.8 0.35±0.02
E1(LO) 741 0.43±0.02
6.3.5 Faust-Henry coefficients
The relative Raman scattering intensities summarized in table 6.1 were used in order
to calculate the Faust-Henry-coefficients according to equation (6.1). Owing to the
quadratic term for each coefficient CFHα two possible solutions can be found. The
two analytical solutions are shown in figure 6.7 by the red solid line in case of A1
symmetry. The vertical lines refer to the intensity ratio ILO,A1,a/ITO,A1,a = 1.05 (green)
and ILO,A1,b/ITO,A1,b = 1.01 (blue), respectively. The intersections give the graphical
solutions of the corresponding Faust-Henry coefficients CFHa and C
FH
b . The calculation
yields:
CFHa = {0.40,−3.46},
CFHb = {0.40,−3.81},
CFHc = {0.33,−2.31}.
The two solutions with different sign correspond to destructive or constructive super-
position of the deformation potential scattering and the electro-optical scattering.
Among the three Faust-Henry coefficients, CFHa is the only one that has been used
up to now in connection with determination of free carrier concentration and mobility
with coupled LO phonon plasmon modes (see chapter 5). Some authors used simple
Drude theory for cubic crystals without any Faust-Henry coefficients in order to ob-
tain carrier concentrations from coupled LO phonon plasmon modes [108–112] or
an empiric equation [113, 114], but this level is suitable only for crude estimations of
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Fig. 6.7: Two analytical solutions of equation (6.1) with respect to CFHα in case of A1 symmetry. The
vertical dashed lines indicate the experimentally determined intensity ratios ILO,A1,a/ITO,A1,a = 1.05
(green) and ILO,A1,b/ITO,A1,b = 1.01 (blue), see table 6.1. The intersections between the vertical dashed
lines and the red curve denote the Faust-Henry coefﬁcients connected with the Raman tensor elements
a and b, respectively.
carrier concentrations. The value of the Faust-Henry coefﬁcient was introduced apply-
ing different methods. In the period before its ﬁrst determination, some authors used
the value CFH = -0.5 of cubic GaAs [115, 116]. Later, in the analysis of coupled LO
phonon plasmon modes CFHa was simply regarded as a ﬁt parameter and the values
0.4 [31, 117, 118] or 0.48 [25, 34, 119, 120] were used. Measurements based on
the determination of TO(A1) and LO(A1) phonons gave the values -5.2 [32], -3.8 [33]
and 0.52 [121]. The values -5.2 and -3.8 were later adopted by other authors, too
[22, 24].
Using the relative Raman scattering efﬁciency ILO,A1,a/ITO,A1,a = 0.80 reported by
Loa et al.[36] and applying equation (6.1) results in the Faust-Henry coefﬁcient CFHa
= {0.43,−9.1}. Better agreement with the ratio ILO,A1,a/ITO,A1,a = 1.05 of this work
(see table 6.1) results from comparison with measurements of the relative scattering
cross sections of these phonons performed by other authors. The values 1.01 and
0.95 for the ratio ILO,A1,a/ITO,A1,a can be deduced from the Faust-Henry coefﬁcient
CFHa reported by Demangeot et al.[33] and Wetzel et al.[32], respectively.
Due to most common c plane orientation of wz-GaN crystals, the Faust-Henry co-
efﬁcient CFHa is most important in order to deduce charge carrier density and mobility
from Raman measurements in backscattering geometry (see chapter 5). Additionally,
the temperature dependence of this Faust-Henry coefﬁcient CFHa was examined in the
range T = 80 K . . . 380 K (see ﬁgure 6.8). However, at this stage the sign of the
Faust-Henry coefﬁcients in wz-GaN can not be clearly assigned. In the next chap-
ter it is shown that near-forward scattering of phonon polaritons depending on the
frequency allows to determine the sign of Faust-Henry coefﬁcients unambiguously.
Here, it is necessary to anticipate the result excluding the solutions with the positive
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sign of the coefficients (see chapter 7). Therefore, in figure 6.8 the value of CFHa with
the negative sign is depicted as function of the temperature.
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Fig. 6.8: Faust-Henry coefficient CFHa of wz-GaN as function of temperature.
6.3.6 Raman tensor elements
Conclusions from Raman scattering intensities on Raman tensor elements require ac-
count for the dependence of the scattering cross sections on the phonon frequencies.
In order to determine the Raman tensor elements of the TO phonons relative to the
one of the E2,high phonon mode the following expression similar to equation (6.1) was
used:
t2l =
(ωL − ωE2,high)4
(ωL − ωl)4 ·
ωl
ωE2,high
· n(ωE2,high) + 1
n(ωl) + 1
· Il
IE2,high
· d2E2,high , (6.13)
where l numbers the Raman tensor element tl = (aTO, bTO, cTO) and the relative Ra-
man intensity Il = (ITO,A1, ITO,A1, ITO,E1) connected with the contribution of the corre-
sponding Raman tensor element. ω1 = ω2 = ωTO,A1 (ω3 = ωTO,E1) denote the Raman
frequencies of the TO phonon of A1 (E1) symmetry.
Subsequently, the Raman tensor elements of the LO phonons were calculated using
equation (3.45). For this purpose, the solutions of the Faust-Henry coefficients with
the negative sign were applied (for details see section 7.3):
CFHa = -3.46, C
FH
b = -3.81, and C
FH
c = -2.31.
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The Raman tensor elements are summarized in table 6.2. It should be noted that the
ratio ILO,A1,b/ILO,A1,a equals b2LO/a
2
LO.
Tab. 6.2: Raman tensor elements of wz-GaN relative to the E2,high phonon mode
Raman mode Raman shift (cm−1) Raman tensor element
E2,high 567.6 d2E2,high = 1
E2,low 144 d2E2,low = (0.49±0.05)·10−3
A1(TO) 531.8 a2TO = 0.58±0.02
b2TO = 1.82±0.03
A1(LO) 734 a2LO = 0.92±0.02
b2LO = 2.78±0.03
E1(TO) 558.8 c2TO = 0.34±0.02
E1(LO) 741 c2LO = 0.61±0.02
6.4 Conclusion
For the first time, a complete set of the relative Raman scattering cross sections of
all Raman modes for wz-GaN was determined. The systematic Raman measure-
ments in order to access the Raman scattering efficiencies require the application
of different scattering geometries which were described in detail. Based on these
measurements, the Faust-Henry coefficients in wz-GaN were deduced. Faust-Henry
coefficients describe the contributions of the lattice displacements and the electric field
associated with them to the Raman scattering efficiency. Whereas in cubic crystals one
Faust-Henry coefficient is sufficient, in wurtzite crystals three coefficients appear (see
section 3.4). They give important information about the deformation potential and
the electro-optic tensor. Nevertheless, the sign of these coefficients can not be clearly
assigned at this stage of the work.
Values of the Faust-Henry coefficients are necessary for the determination of charge
carrier concentration and mobility from Raman measurements (see chapter 5). Up to
now in the literature only the coefficient CFHa was determined with different results and
signs. In the present study an accurate determination of that Faust-Henry coefficient
including its temperature dependence is reported. Whereas the coefficient CFHa is im-
portant for measurements on the commonly used c plane GaN, for other orientations
and measurements the coefficients CFHb and C
FH
c become necessary.
Using the determined Raman scattering cross sections and the obtained Faust-Henry
coefficients, the Raman tensors for wz-GaN were calculated. For this purpose, the
dependence of the Raman scattering cross sections on the phonon frequencies was
taken into account.
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7 Light scattering by phonon
polaritons in uniaxial crystals
Besides discussion of general aspects of phonon polaritons for uniaxial crystals, the-
oretical expressions of their Raman scattering efficiency are derived in this chapter.
After a detailed description of the novel experimental near-forward scattering setup
using rectangular apertures, systematic measurements of ordinary and extraordinary
phonon polaritons with defined symmetry as function of the wavevector magnitude
are presented. It is demonstrated which range of wavevectors is attainable by Ra-
man measurements using the developed experimental near-forward scattering setup.
This strongly depends on the anisotropic properties of the hexagonal crystal and
can be selected by a proper polarization arrangement. The conditions which have
to be fulfilled in order to detect the topmost dispersion branch (more photonlike)
are discussed. Moreover, it will be shown, that measurements of scattering efficien-
cies on phonon polaritons depending on frequency can be also used to determine
Faust-Henry coefficients unambiguously. These coefficients are essential in order to
access the charge carrier concentration as well as the mobility by Raman scattering
from measured frequencies, bandwidths, and intensities of coupled phonon plasmon
modes as demonstrated in chapter 5.
7.1 Theoretical background
In polar crystals, infrared photons strongly interact with the transverse modes of in-
frared active phonons if their energies are nearly equal. The elementary excitations
derived are called phonon polaritons. They have mixed electromagnetic and me-
chanical nature and their existence has been predicted by Huang [66, 67].
Henry and Hopfield [122] were the first who observed Raman scattering of phonon
polaritons in GaP in 1965. Later, phonon polaritons of several other polar semicon-
ductors [123–127] and numerous ferroelectric crystals [128–140] have been investi-
gated (for reviews see: [69, 81, 141–143]) and also surface polaritons in thin films
and confined structures [144–146].
However, reports on Raman studies of phonon polaritons in uniaxial semiconductors
are scarce. There is especially a lack of data on the relative scattering intensities of
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the phonon polaritons. They reﬂect the changing character of the phonon polaritons
depending on their frequency from more photonlike to more phononlike. Contribu-
tions of the lattice displacements and the electric ﬁeld associated with them to the
scattering efﬁciency interfere constructively or destructively.
First, the dispersion of the ordinary and extraordinary polaritons will be discussed.
7.1.1 Ordinary polaritons
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Fig. 7.1: Solutions of equation (3.16): Dispersion of the phononlike Polow and the photonlike Pohigh
branches of the ordinary polariton in wz-GaN (E1 type) as function of the wavevector k. Reprinted
ﬁgure with permission from [68]. Copyright 2013 American Physical Society.
The dielectric function for the propagation in the optically isotropic plane ε⊥(ω) was
already derived in section 3.2.1 and is given by equation (3.17). The dependence
on the wavevector k is expressed by equation (3.16). This equation is a quadratic
equation in ω2. Its solution gives two polariton branches which do not depend on the
angle θ. For k → 0 the lower branch converges to zero and the upper to the frequency
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of the LO(E1) phonon mode. For large k the lower branch reaches the frequency of
the transverse phonon TO(E1) (see figure 7.1).
7.1.2 Extraordinary polaritons
In case of extraordinary polaritons the dielectric function was derived in section 3.2.2.
Equation (3.19) describes the directional dispersion (see section 3.2.3) as well as the
dispersion as a function of the wavevector. As mentioned above, this equation is
cubic in ω2 and can be solved analytically using Cardano’s formula[72]. The three
real solutions describe the three branches of the extraordinary polaritons1. In the
following, ω(
#»
k ) in dependence on the angle θ between the wavevector and the z axis
is discussed.
a. θ = 0◦:
The low branch converges for k → 0 to zero and the high branch to ωLO,E1. From
the solution ε‖(ω) = 0, the LO(A1) phonon is obtained with ω = ωL‖. The other
solutions describe the extraordinary transverse polaritons associated with polari-
tons of E1 type with displacements parallel to the c axis. These branches coincide
with the directionally independent ordinary polariton of E1 type (figure 7.1). The
frequency of the middle branch is independent on k. For large k, the low branch
reaches ωTO,E1.
b. θ = 90◦:
The low branch converges for k → 0 to zero and the high branch to ωLO,E1. The
frequency of the middle branch corresponds to ωLO,E1 and is independent on k.
Since the polariton is of A1 type for large k the low branch reaches ωTO,A1.
c. 0◦ < θ < 90◦:
For k → 0 the low branch reaches zero and the high branch ωLO,E1. The middle
branch shows dispersion depending on the value k with frequencies ranging be-
tween ωLO,A1 and ωLO,E1. The low branch converges for large k to a frequency value
between ωTO,A1 and ωTO,E1. The frequency limits for k → ∞ can be calculated for
the low and the middle branch using equation (3.19). As an example, figure 7.2
shows the extraordinary polaritons for θ = 45◦ and in the insets for other angles θ
1Conventionally, the notation polariton is restricted to the transverse polariton branches with their
strong frequency dependence. On the contrary, the changes in the LO frequencies are minor.
However, for small wavevectors (k < 5 × 103 cm−1) interaction between phonon and photon can
be seen (figure 7.2). Therefore, in this work the notation polariton is used for all branches which
are solutions of equation (3.19).
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Fig. 7.2: Solutions of equation (3.19): Dispersion of the TO-phononlike Peolow, the LO-phononlike
Peomiddle and the photon-like Peohigh extraordinary polariton branches in wz-GaN in dependence on
the wavevector k for a ﬁxed angle θ = 45◦ between the wavevector and the z axis. The insets show the
dispersion of the extraordinary polariton branches for small wavevectors in dependence on the angle
θ. Reprinted ﬁgure with permission from [68]. Copyright 2013 American Physical Society.
as well. For k → 0, the polaritons are independent on the angle θ of the wavevec-
tor with the c axis and approach the limiting frequencies 0, ωLO,A1 and ωLO,E1. From
a physical point of view, if the wavelength approaches inﬁnity, then the lattice vi-
brations cease to sense the wavevector direction. The lattice displacements and
associated electric ﬁelds are parallel or perpendicular to the c axis.
7.1.3 Raman scattering intensity of phonon polaritons in uniaxial
crystals
In section 3.4 equation (3.38) was derived describing the Raman scattering intensity
of phonons (180◦ backscattering, 90◦ scattering geometry or near-forward scattering)
as well as phonon polaritons (near-forward scattering). The matrices R˜N where the
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index N refers to the ordinary transverse polariton (N = To), extraordinary transverse
polariton (N = Te), and extraordinary longitudinal polariton (N = Le) are given by
equation (3.39)-(3.41). The matrix elements |〈1 + nω|QN |nω〉|2 in equation (3.38)
have been calculated for polar modes in cubic crystals by Mills and Burstein [81] in-
troducing a so called phonon strength function with electromagnetic and mechanical
contributions to the polaritons energy. However, generalizing for uniaxial crystals, the
calculation of the matrix elements using equation (3.32) leads to the following:
|〈1 + nω|QTo |nω〉|2 =
[
~(1 + nω)
2V ωTO,E1
]
Sp,E1,
|〈1 + nω|QTe |nω〉|2 =
[
~(1 + nω)
2V
](
Sp,E1
ωTO,E1
cos2 θ +
Sp,A1
ωTO,A1
sin2 θ
)
,
|〈1 + nω|QLe |nω〉|2 =
[
~(1 + nω)
2V
](
Sp,E1
ωTO,E1
sin2 θ +
Sp,A1
ωTO,A1
cos2 θ
)
,
(7.1)
with
Sp,E1(ω) =
ωωTO,E1
(
ω2LO,E1 − ω2TO,E1
)
(
ω2TO,E1 − ω2
)2
+ ω2TO,E1
(
ω2LO,E1 − ω2TO,E1
) ,
Sp,A1(ω) =
ωωTO,A1
(
ω2LO,A1 − ω2TO,A1
)
(
ω2TO,A1 − ω2
)2
+ ω2TO,A1
(
ω2LO,A1 − ω2TO,A1
) .
(7.2)
The phonon strength functions Sp,E1(ω) and Sp,A1(ω) provide a measure of the phonon
content of the polaritons depending on their frequency. If the frequencies of the trans-
verse polaritons reach the phonon frequencies (ω → ωTO,E1 and ω → ωTO,A1) in case of
large wavevectors, the phonon strength functions approach unity. As discussed in the
last subsection for θ = 0◦ the extraordinary transverse polaritons have pure E1 sym-
metry and for θ = 90◦ pure A1 symmetry. Thus, the first two rows of equation (7.1)
equal the matrix element in case of transverse phonons given by equation (3.42) in
section 3.5.
For the longitudinal polaritons with ω → ωLO,E1 and ω → ωLO,A1, one obtains:
Sp,E1 =
ωTO,E1
ωLO,E1
,
Sp,A1 =
ωTO,A1
ωLO,A1
.
(7.3)
In that case and assuming pure symmetry of the extraordinary longitudinal polaritons2
the equality of the latter matrix element in equation (7.1) and the one in equation
(3.42) is fulfilled.
2For θ = 0◦: pure A1 symmetry and for θ = 90◦: pure E1 symmetry
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7.2 Experiment
7.2.1 Near-forward scattering
For uniaxial crystals the conventionally used experimental setup applying annular
apertures with varying diameters in front of the entrance slit of the spectrometer is
meaningful only if the incident laser beam in near-forward scattering geometry is di-
rected parallel to the c axis of the crystal and the isotropic plane coincides with the
aperture plane. However, also in this case the polaritons observed will depend on the
angle and will be of mixed character.
To our knowledge only one investigation on a 70 µm thick hexagonal GaN bulk
crystal measured with near-forward scattering parallel to the c axis and annular aper-
tures is reported by Torii et al.[40]. However, in that work the dependence of the
Raman scattering efficiency of the polaritons on the frequency was not studied and
the polaritons observed were of mixed character.
In order to observe phonon polaritons with pure symmetry, a new method for near-
forward scattering with a screen positioned in a plane before the first image lens
which enables to open small rectangular windows in this plane was developed.
The scattering configuration is shown in figure 7.3. The exciting laser beam is directed
along the x axis and enters the entrance surface of the prismatic sample. The screen
placed directly in front of the entrance lens of the imaging system is open for scattered
light with a small adjustable window around the point (Y, Z). The scattered light beam
includes the angle ψ with the (x, y) plane, and its orthogonal projection on the (x, y)
plane the angle δ with the x axis. Afterwards, the scattered light originating from the
focus plane of the entrance lens passes an analyzer and a quartz waveplate which
rotates the polarization axis in the position for which the spectrometer throughput is
optimized. For the Stokes scattering process inside the crystal (see figure 7.3(b) and
7.3(c), index ‘i’) wavevector conservation requires according to equation (3.27):
#»
k iL =
#»
k iS +
#»
k P, (7.4)
and according to equation (3.28) energy conservation requires:
~ωL = ~ωS + ~ωP or
1
λL
=
1
λS
+ ω. (7.5)
The laser wavevector and its magnitude are given by:
#»
k iL =
2π nL
λL
(1, 0, 0) ,∣∣∣ #»k iL∣∣∣ = 2π nL
λL
,
(7.6)
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Fig. 7.3: Setup for near-forward Raman scattering taken from [68]. (Copyright 2013 American Physi-
cal Society.)
(a) Scattered light with wavevector
#»
k S outside the crystal enters the window P’ at (Y, Z) on the masking
screen (1) positioned in front of the lens (2), passes the analyzer (3), λ/2 quartz waveplate (4) and
lens (5). Introducing spherical coordinates the scattered light beam includes the angle ψ with the (x, y)
plane and the azimuthal angle δ.
Refraction at the crystal boundary:
(b) Special case: scattering in the (x, z) plane. The wavevector
#»
k S of the scattered light (angle ψ with
the x axis) corresponds to the wavevector
#»
k iS with the angle ψi inside the crystal.
(c) Special case: scattering in the (x, y) plane. The wavevector
#»
k S of the scattered light (angle δ with
the x axis) corresponds to the wavevector
#»
k iS with the angle δi inside the crystal.
where λL denotes the wavelength of the incident light outside the crystal. Wavevector
and magnitude of the scattered light are written as:
#»
k iS =
2π nS
λS
(cosψi · cos δi, cosψi · sin δi, sinψi) ,∣∣∣ #»k iS∣∣∣ = 2π nS
λS
,
(7.7)
where λS indicates the wavelength of the scattered light outside the crystal. In equa-
tions (7.4) and (7.5),
#»
k P refers to the wavevector of the polariton excited in a Stokes
process and ω to its energy. For small scattering angles and
∣∣∣ #»k iL∣∣∣ ≈ ∣∣∣ #»k iS∣∣∣, it can be
assumed that
#»
k P ⊥ #»k iL. In the case of very small scattering angles, also components
of the transferred polariton wavevector in the (x, y) plane have to be considered. With
equations (7.4)-(7.7), the polariton wavevector can be expressed as:
#»
k P =
2π nS(1− ωλL)
λL
(
nL
nS
1
1− ωλL − cosψi · cos δi,− cosψi · sin δi,− sinψi
)
. (7.8)
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The magnitude of the polariton wavevector is
kP = 2π
√
1
λ2L
(
n2L + n
2
S
)− n2Sω
(
2
λL
− ω
)
− 2nLnS 1
λL
(
1
λL
− ω
)
cosψi · cos δi. (7.9)
In this equation, kP is obtained in cm−1 if λL is expressed in cm and the Raman shift
ω in cm−1.
The angle θ between the polariton wavevector kP and the z axis (see ﬁgure 7.3(b)) is
deﬁned by:
cos θ =
kP,z
kP
=
−2π nS (1− ωλL) sinψi
λL kP
(7.10)
The angle ϕ between the polariton wavevector and the x axis (see ﬁgure 7.3(c)) is
determined by:
sinϕ =
kP,y√
k2P − k2P,z
(7.11)
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Fig. 7.4: Refraction of the scattered light at the crystal boundary. Suitably, the angles α and αi between
the unit wavevector of the scattered light (outside and inside the crystal) and the x axis are introduced
in order to derive the unit wavevector of the scattered light inside the crystal in dependence on the
angles ψ and δ using the law of refraction. Reprinted ﬁgure with permission from [68]. Copyright
2013 American Physical Society.
Since wz-GaN is a uniaxial crystal, one has to differentiate between ordinary and
extraordinary rays of the incident and scattered light. The refraction indices nL and
nS are used for ordinary (extraordinary) rays. For ordinary rays the electric ﬁeld is
polarized in the (x, y) plane. The proper refractive index is no =
√
ε∞⊥. For extraor-
dinary rays the electric ﬁeld is polarized parallel to the z axis and the corresponding
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refractive index can be expressed by neo =
√
ε∞‖. ε∞⊥ indicates the high-frequency
dielectric constant in the (x, y) plane and ε∞‖ for directions parallel to the z axis (see
section 3.2).
In the following near-forward scattering with the c axis of the crystal oriented paral-
lel to the Z axis of the laboratory coordinate system and the scattering geometries
x(zz)x, x(zy)x, x(yz)x, and x(yy)x given with respect to Porto’s notation (see section
3.5) are considered.
It is assumed that the distance L of the imaging lens and the lens radius R are
large in comparison with the lateral size of the crystal and the exciting laser path
length within the crystal (see figure 7.3(a)). Furthermore, R should be small in com-
parison with L. In our case L = 80 mm and R = 14 mm. Light scattered inside
the crystal with wavevector
#»
k iS enters the small window P’ on the screen located at
(Y, Z) = (L tan δ, L tanψ) with wavevector
#»
k S. The vectors
#»
k iS,
#»
k P, and #»e iS charac-
terizing the scattering process inside the crystal can be expressed as functions of the
window position (angles ψ and δ).
It is appropriate to introduce spherical coordinates
x = r · cosψ · cos δ,
y = r · cosψ · sin δ,
z = r · sinψ.
Thus, the unit vector #»q S (ψ, δ) =
#»
k S (ψ, δ) /
∣∣∣ #»k S (ψ, δ)∣∣∣ of the scattered light beam
outside the crystal can be expressed as:
~qS (ψ, δ) = (cosψ · cos δ, cosψ · sin δ, sinψ) , (7.12)
where ψ denotes the angle between the scattered light vector and the (x, y) plane,
and δ the azimuthal angle between the orthogonal projection of the scattered light
vector on the (x, y) plane and the x axis (figure 7.4). The lens center is located at
ψ = δ = 0◦, an adjustable rectangular window in the aperture in front of lens 1 can
be described by:
∆Y ·∆Z = ∆ψ ·∆δ · L
2
(cos2 ψ · cos2 δ) ≈ ∆ψ ·∆δ · L
2. (7.13)
Further, the direction of the x axis is oriented perpendicularly to the boundary sur-
face of the crystal. The x axis as well as the scattered light vectors inside and outside
the crystal are located in the plane of incidence (see figure 7.4). It is convenient to
introduce the angles of the unit vectors of the scattered light beams outside ( #»q S) and
inside the crystal ( #»q iS) with the axis x, y, and z:
#»q S = (qS,x, qS,y, qS,z) = (cosα, cos β, cos γ) , (7.14)
#»q iS = (qiS,x, qiS,y, qiS,z) = (cosαi, cos βi, cos γi) . (7.15)
86 7 Light scattering by phonon polaritons in uniaxial crystals
Using the law of refraction sinαi = sinα/nS one receives the wavevector (unit vector)
of the scattered light inside the crystal in dependence on the angles ψ and δ:
#»q iS =
(
√
1− a, −
√
a√
1 + b
,
√
ab√
1 + b
)
, (7.16)
where a = (1− cos2 ψ · cos2 δ) /n2S and b = tan2 ψ/ sin2 δ. Depending on the polar-
ization, the refractive index rates as nS = no (ordinary ray) or nS = neo (extraordinary
ray). It should be noted that equation (7.16) holds for the ordinary ray, but is not
valid for the extraordinary ray in all cases. If the plane of incidence does not co-
incide with the principal plane (defined as a plane containing the wavevector and
the z axis), the refracted extraordinary ray no longer lies in the plane of incidence
[147, 148]. Further, its refractive index depends on the angle ψ. However, in our
case the angles between the scattered light beam and the x axis inside the crystal are
small (the largest possible angles are about 4◦ for scattered light entering the border
of the imaging lens), and the difference between the two refraction indices no and neo
is only small in the case of wz-GaN. Therefore, it is justified to use equation (7.16) for
the extraordinary ray as well. The transferred polariton wavevector
#»
k P in dependence
on the angles ψ and δ is obtained using equation (7.4):
#»
k P (ψ, δ) = 2π
[
nL
#»q iL
λL
− nS
#»q iS (ψ, δ)
λS
]
. (7.17)
For the polarization configuration (yz) the component kP,x can also be negative (see
figure 7.5).
The exciting laser beam is directed parallel to the x axis and penetrates the crystal
surface perpendicularly without refraction and change of the polarization. For the
measurements the following polarizations of the electric field were used: The letters
V(H) indicate vertical (horizontal) polarization. As already previously mentioned, the
index ‘i’ refers to the inner part of the crystal. The polarization vectors perpendicular
to the wavevector of the incident laser beam are #»e HL (
#»e HiL) with horizontal direction
parallel to the y axis and #»e VL (
#»e ViL) with vertical direction parallel to the z axis of the
laboratory coordinate system:
#»e HL =
#»e HiL = (0, 1, 0) ,
#»e VL =
#»e ViL = (0, 0, 1) .
(7.18)
A beam of scattered light reaches the window on the screen positioned at (Y, Z) =
(L tan δ, L tanψ) in front of the entrance lens of the imaging system and then passes
the analyzer with vertical (V) or horizontal (H) position parallel to the x axis. The light
beam arises from the scattered light leaving the crystal face with a wavevector given
by equation (7.16) and characterized by the two angles ψ and δ. The direction of the
beams wavevector inside the crystal is determined by the refraction law relating to the
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crystal surface. The polarization vectors of the beam between the crystal and lens 1
are
#»e HS = (− sin δ, cos δ, 0) ,
#»e VS = (− sinψ, 0, cosψ) .
(7.19)
The polarization vectors of the corresponding scattered beam inside the crystal are
#»e HiS =
#»q iS × #»e z
| #»q iS × #»e z| =
1√
q2iS,x + q
2
iS,y
(qiS,y,−qiS,x, 0) ,
#»e ViS =
#»e HiS × #»q iS =
(
−qiS,x · qiS,z,−qiS,y · qiS,z, q2iS,x + q2iS,y
)
√
q2iS,x + q
2
iS,y
.
(7.20)
The polarization vectors can be expressed as functions of ψ and δ using equation
(7.16).
7.2.2 Experimental conditions
Raman spectra were obtained at room temperature using a T 64000 Raman spec-
trometer (Horiba, Jobin Yvon) in a nearly forward scattering geometry. For this pur-
pose, the GaN sample was positioned in the macro chamber with its c axis oriented
parallel to the z axis of the laboratory coordinate system. The spectra were excited
applying the 514.5 nm line of an Ar+ laser at a power level of about 100 mW at the
sample. After passing the spectrometer equipped with gratings of 1800 grooves/mm
in subtractive mode, the scattered light was detected by a LN cooled CCD detector.
The laser beam was focused onto the sample by a laser objective. By means of a
polarization rotator the laser beam polarization could be changed from (i) parallel to
the y axis (H) with the ordinary ray inside the crystal to (ii) parallel to the z axis (V) with
extraordinary ray inside the crystal (see figure 7.3). The scattered light was analyzed
with polarization parallel or perpendicular to the z axis using an analyzer positioned
in the parallel light path between sample and entrance slit of the spectrometer. Both
laser beam and sample were carefully adjusted in order to avoid the capture of laser
light into the spectrometer. The laser beam leaving the sample was masked in the
center of the entrance lens of the imaging system. Furthermore, care is necessary
to avoid gathering of scattered light excited by the laser beam partly backscattered
at the inner crystal surface. The reflectivity at 514.5 nm wavelength is about 0.174
(0.157) for the ordinary (extraordinary) beam [103].
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Fig. 7.5: Polariton wavevectors for near-forward scattering in direction x in the (x, y) plane. The
wavevector of the scattered light is directed to the window P’ at Y (and for Z = 0) on the mask-
ing screen (see ﬁgure 7.3(a)). The two letters indicate the polarization direction of the incident and
scattered light, respectively. Reprinted ﬁgure with permission from [68]. Copyright 2013 American
Physical Society.
7.3 Results and discussion
Although the birefringence of wz-GaN is only weak (no =
√
ε∞⊥ = 2.280, ne =√
ε∞‖ = 2.304 [71]), its optical anisotropy has a strong impact on the polariton spectra
measured with different polarizations of the incident and scattered light. Figure 7.5
shows transferred polariton wavevectors for scattering in the (x, y) plane for the near-
forward scattering conﬁgurations x(yy)x, x(zz)x, x(zy)x, and x(yz)x. The parameter
Y describes the position of the opened window in horizontal direction (Z = 0) on the
screen in front of the entrance lens. Note the strong difference between the polariza-
tions (zy) and (yz) for hexagonal wz-GaN. In the case of cubic β-GaN, however, the
polariton wavevectors and the Raman spectra of the two polarizations should be the
same. The ordinary ( #»e L ‖ y) or extraordinary ( #»e L ‖ z) laser light propagates inside
the crystal along the x axis. The outgoing scattered light is extraordinary ( #»e S ‖ z)
or ordinary ( #»e S ‖ y). The extraordinary polaritons are observable with (zz) or (yy)
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polarizations, whereas the ordinary ones can be detected in (zy) or (yz) polarization
configuration.
The subfigures (a) and (b) of the figures 7.6 - 7.9 show the near-forward Raman
scattering spectra and the dispersion of the phonon polaritons in dependence on the
polariton wavevector for scattering in the (x, y) plane (θ = 90◦). The intensities of
the Raman spectra were normalized with respect to the intensity of the E2,high Raman
mode at 567.6 cm−1 which is allowed in the configuration x(yy)x. This nonpolar
phonon is connected with lattice displacements parallel to the (x, y) plane and is
not influenced by the electric field. Its intensity does not depend on the parameter
Y displayed in the figures 7.6 - 7.9. The Raman bands of the phonon polaritons
are shifted towards lower frequencies with decreasing parameter Y . The smaller the
value of Y the smaller the angle δi between the scattered light beam and the x axis
(see figure 7.3(c)) and thus the smaller the magnitude of the transferred polariton
wavevector (see figure 7.5). Values of Y ≈ 2 mm could be realized. This corresponds
to an angle δi ≈ 0.5◦. The exciting laser beam passing the crystal was blocked off in
the centre of the screen in order to avoid entrance of laser light in the spectrometer.
The overlay of the scattered light with exciting laser light limits the parameter Y at
small values.
Besides the phonon polariton Raman bands small Raman bands at fixed frequen-
cies can be observed, in the Raman spectra of the extraordinary polaritons the TO(A1)
phonons at 531.1 cm−1 and in the Raman spectra of the ordinary polaritons the
TO(E1) phonon at 558.9 cm−1 as well as weak bands of the (very strong) E2,high
phonon. Their origin is due to some scattered light which stems from a 180◦ backscat-
tering process of phonons with wavevectors of about 6×105 cm−1 overlaying the
near-forward scattering. Part of the incident laser beam is reflected inside the crystal
and gives rise to these weak bands which could be minimized by careful adjustment.
Figures 7.6(a) - 7.9(a) show insets with the measured LO phonons with symmetry E1
and location at about 741 cm−1 in accordance with scattering in the (x, y) plane. The
stable position of the measured LO phonon indicates that the scattering occurs in the
(x, y) plane (θ = 90◦).
The dispersion of the polariton modes is shown in figures 7.6(b) - 7.9(b). The
curves POeo,low, POeo,middle, and POeo,high in figure 7.6(b) and figure 7.7(b) for the ex-
traordinary polariton modes are solutions of equation (3.19) and the curves POo,low
and POo,high in figure 7.8(b) and figure 7.9(b) are solutions of equation (3.16). The
dashed curves show solutions of equations (7.4) and (7.5) for scattering angles δi
inside the crystal, with combinations of values (ω) and (kP), allowed due to energy
and momentum conservation. The intersections with the theoretical dispersion curves
yield the allowed polaritons.
The smaller the angle δi the broader the Raman bands since the slope of the curve
becomes steeper. The small bands at 317 cm−1, 410 cm−1, and 420 cm−1 are
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acoustic overtones of the second-order Raman spectra [149]. The dashed curves
in figure 7.9(b) illustrate that only the configuration x(yz)x allows one to observe
photonlike polaritons on the branch POo,high in principle. However, for this scatter-
ing configuration the scattering intensity is more than one order smaller than for the
other configurations. Further, the slope of this branch rises steeply with increasing δi
which increases the halfwidth of the expected band. Therefore, despite careful search
this branch could not be detected. Figure 7.10 shows Raman spectra of the extraor-
dinary polariton with near-forward scattering in the (x, z) plane. The parameter Z
indicates the position on the screen in vertical direction (Y = 0). Figure 7.10(a) dis-
plays spectra with polarization (zz) and figure 7.10(b) with polarization (yy) of the
electric field vectors of the incident and scattered light. The intensities of the Raman
spectra were normalized with respect to the intensity of the nonpolar E2,high phonon.
The intensity of the E2,high phonon is (nearly) independent on the parameter Z in
the considered Z range. Depending on the parameter Z, the transferred polariton
wavevectors include different angles θ with the z axis (see figure 7.3(b)). Each Raman
spectrum corresponds to different dispersion curves (see figure 7.2). Therefore, the
corresponding dispersion curves were omitted.
The circles in figures 7.6(c) - 7.8(c) give the Raman scattering intensities of the
polariton spectra shown in figures 7.6(a) - 7.8(a) for scattering in the (x, y) plane (θ
= 90◦). The spectra were recorded with different polarizations which filter out the
contributions of the Raman tensor elements a, b, and c, respectively. The phonon
polaritons in the (yz) polarization exhibit only weak scattering intensities. Therefore,
they were not analyzed. The intensities shown are the areas beneath the polariton
bands normalized with respect to the E2,high Raman mode which is allowed in the (yy)
polarization. In order to calculate the Raman intensity of phonon polaritons equations
(3.38)-(3.41) were used. For this purpose, the positive as well as the negative solu-
tions of the Faust-Henry coefficients obtained in section 6.3.5 were considered. The
expressions for the matrix element in equation (3.38) in case of phonon polaritons
were derived in section 7.1.3. In figures 7.6(c), 7.7(c), and 7.8(c) the measured inten-
sities as function of the frequency (full circles) are compared with calculated intensities
for both solutions of the Faust-Henry coefficients connected with the corresponding
Raman tensor elements (solid lines). The comparison excludes the solutions with the
positive sign of the coefficients. Based on the measurements of TO phonon polari-
tons with near-forward scattering, the three Faust-Henry coefficients in wz-GaN are
therefore CFHa = -3.46, C
FH
b = -3.81, and C
FH
c = -2.31.
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Fig. 7.6: (a) Raman spectra of the extraordinary polariton, θ = 90◦, x(yy)x. Near-forward scattering
in direction x, scattering in the (x, y) plane, polarization parallel y(y) of the incident (scattered) light
vectors. The parameter Y indicates the position of the entrance window P’ for the scattered light on
the screen (1), Z = 0. The inset shows the LO(E1) phonon at ﬁxed spectral position.
(b) Dispersion of the extraordinary polariton branches for θ = 90◦ in dependence on the polariton
wavevector (solutions of equation (3.19)). The dashed curves (solutions of equation (7.9)) show possi-
ble (ω,
#»
k P) values for scattering angles δi inside the crystal (see ﬁgure 7.3).
(c) Polariton Raman efﬁciency as function of the frequency (full circles). The solid lines indicate calcu-
lations using the previously determined Faust-Henry coefﬁcients CFHa . For ω → ωTO,A1 (large kPh) the
branches reach the relative Raman cross section connected with aTO.
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Fig. 7.7: (a) Raman spectra of the extraordinary polariton, θ = 90◦, x(zz)x. Near-forward scattering
in direction x, scattering in the (x, y) plane, polarization parallel z(z) of the incident (scattered) light
vectors. The parameter Y indicates the position of the entrance window P’ for the scattered light on
the screen (1), Z = 0. The inset shows the LO(E1) phonon at ﬁxed spectral position.
(b) Dispersion of the extraordinary polariton branches for θ = 90◦ in dependence on the polariton
wavevector (solutions of equation (3.19)). The dashed curves (solutions of equations (7.9)) show pos-
sible (ω, kP) values for scattering angles δi inside the crystal (see ﬁgure 7.3).
(c) Polariton Raman efﬁciency as function of the frequency (full circles). The solid lines indicate calcu-
lations using the previously determined Faust-Henry coefﬁcients CFHb . For ω → ωTO,A1 (large kPh) the
square refers to the relative Raman cross section connected with bTO.
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Fig. 7.8: (a) Raman spectra of the ordinary polariton, θ = 90◦, x(zy)x. Near-forward scattering in
direction x, scattering in the (x, y) plane, polarization parallel z(y) of the incident (scattered) light vec-
tors. The parameter Y indicates the position of the entrance window P’ for the scattered light on the
screen (1), Z = 0. The inset shows the LO(E1) phonon at ﬁxed spectral position.
(b) Dispersion of the ordinary polariton branches for θ = 90◦ in dependence on the polariton wavevec-
tor (solutions of equation (3.16)). The dashed curves (solutions of equation (7.9)) show possible (ω,kP)
values for scattering angles δi inside the crystal (see ﬁgure 7.3).
(c) Polariton Raman efﬁciency as function of the frequency (full circles). The solid lines indicate calcula-
tions using the previously determined Faust-Henry coefﬁcients CFHc . In the limit δi → 0 the low branch
converges to the relative Raman cross section connected with cTO.
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Fig. 7.9: (a) Raman spectra of the ordinary polariton, θ = 90◦, x(yz)x. Near-forward scattering in
direction x, scattering in the (x, y) plane, polarization parallel y(z) of the incident (scattered) light vec-
tors. The parameter Y indicates the position of the entrance window P’ for the scattered light on the
screen (1), Z = 0. The inset shows the LO(E1) phonon at ﬁxed spectral position.
(b) Dispersion of the ordinary polariton branches for θ = 90◦ in dependence on the polariton wavevec-
tor (solutions of equation (3.16)). The dashed curves (solutions of equation (7.9)) show possible (ω,kP)
values for scattering angles δi inside the crystal (see ﬁgure 7.3).
Reprinted ﬁgure with permission from [68]. Copyright 2013 American Physical Society.
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Fig. 7.10: Raman spectra of the extraordinary polariton, near-forward scattering in the (x, z) plane.
The parameter Z indicates the position of the entrance window P’ for the scattered light on the screen
(1), Y = 0. θ is the corresponding angle between the polariton wavevector and the z axis. The two
insets show that the position of the LO phonon is shifted owing to the variation of θ (see ﬁgure 3.3).
The upper panel shows the spectra taken with polarization z(z) of the electric ﬁeld vector of the incident
(scattered) light, the spectra in the lower panel are measured with polarization y(y). Reprinted ﬁgure
with permission from [68]. Copyright 2013 American Physical Society.
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7.4 Conclusion
In this chapter, Raman scattering of phonon polaritons in uniaxial crystals of wurtzite-
type was investigated. The dispersion and the Raman scattering efficiency of the
ordinary and extraordinary polaritons were discussed in detail. Expressions for the
Raman scattering intensity were derived for arbitrary directions of the polaritons in
the crystal. In the limit of large wavevector magnitudes, the equations describe the
behavior of the polar phonons.
A novel experimental setup was developed using a rectangular window in front of
the entrance lens. This setup enables measurements of phonon polaritons of defined
E1 and A1 symmetry depending on their wavevector. Near-forward Raman scattering
measurements with angles between laser beam and scattered light beam down to
about 0.5◦ were possible.
Polariton spectra of wz-GaN were measured for different scattering geometries and
polarizations. The experimental results are in accordance with the theoretical deriva-
tions.
Although the birefringence for light in the optical range is only small, strong differ-
ences between the polariton Raman spectra in the near-forward configurations x(zy)x
and x(yz)x occur. The observation of the photonlike polariton branch should be pos-
sible, in principle, in the x(yz)x configuration but escaped detection due to weak
Raman signals.
Analyzing the Raman scattering efficiency of TO phonon polaritons enables to as-
sign one solution of the Faust-Henry coefficients unambiguously. Based on the ex-
perimentally determined intensities of the phonon polaritons and the comparison of
these values with calculated ones, the three Faust-Henry coefficients in wz-GaN are
CFHa = -3.46, C
FH
b = -3.81, and C
FH
c = -2.31.
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Group III nitrides have emerged as important materials system in the field of high-
frequency, high-power, and high-temperature optoelectronic and microelectronic ap-
plications. Especially, applications of these materials realizing bright, white light-
emitting diodes appear very promising. In the present study, Raman spectroscopy
was applied as a versatile and sensitive technique in characterizing phonon dynam-
ics and other elementary excitations in wz-GaN, which complement results obtained
by x-ray diffraction or photoluminescence measurements, for instance. In particu-
lar, micro-Raman measurements are widely used since they take advantage of being
non-destructive, contactless, and providing an excellent lateral resolution. For mate-
rials which are transparent in the range of the employed excitation wavelength a high
resolution in the depth is achieved by means of the confocal technique.
First, the influence of mechanical strain on Raman modes was discussed. Using
confocal micro-Raman spectroscopy changes of the residual stress within GaN films
have been studied with high lateral and depth resolution. The Raman investigations
revealed that wafer bending is an effective relaxation mechanism of thermally in-
duced stress due to the difference in thermal expansion coefficients of GaN/sapphire
heterostructures. The experimentally determined wafer curvature of the investigated
specimens was compared with theoretical ones simulated by a mechanical wafer
bending model established by Etzkorn and Clarke as well as a FEM model. The limi-
tations of applicability of the Etzkorn/Clarke model were discussed regarding sample
dimensions such as GaN film thickness and substrate radius. By FEM simulations
the use of the Etzkorn/Clarke approach was justified in order to simulate the E2,high
Raman frequency in dependence on the GaN layer thickness.
Second, coupled LO phonon plasmon modes were examined in order to determine
concentration and mobility of free charge carriers from measured frequencies, band-
widths, and intensities. The doping profile of a wz-GaN c plane single crystal was
analyzed and directly correlated to the growth process which provides beneficial feed-
back to the crystal grower. In particular, confocal Raman measurements in backscat-
tering geometry are meaningful since (i) the measurements are non-destructive and
(ii) LO phonons of E1 symmetry and thus coupled LO phonon plasmon modes are
not accessible in backscattering configurations from a surface perpendicular to the
c plane (e.g. side edge in direction x). Using a standard dielectric approach from
the lineshape fitting of the observed L+ coupled mode the charge carrier density and
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mobility was successfully determined. The obtained results are in good agreement
with Hall measurements.
For the application of this semiclassical dielectric approach taking the deformation
potential and electro-optical scattering mechanisms into account Faust-Henry coef-
ficients are strictly necessary as input parameter. Faust-Henry coefficients are ratios
describing the relative influence of lattice displacements and electric field onto the
dielectric susceptibility. Whereas in cubic crystals one Faust-Henry coefficient is suffi-
cient, in wurtzite crystals three coefficients appear according to the symmetry of the
Raman tensors. Up to now in the literature merely the coefficient CFHa was determined
with different results and signs. Depending on the sign of the Faust-Henry coefficients
contributions of the lattice displacements and the electric field associated with them
to the Raman scattering efficiency interfere constructively or destructively.
The Faust-Henry coefficients associated with phonon modes of different symmetry
can be obtained by measuring the Raman scattering intensities ILO and ITO of the
corresponding LO and TO phonons. In order to access the Raman scattering effi-
ciencies, systematic Raman measurements on undoped wz-GaN single crystals were
performed using different scattering geometries. The backscattering as well as the
right-angle and near-forward scattering configurations were described in detail. For
the first time, a complete set of the relative Raman scattering cross sections of all
Raman modes for wz-GaN was determined.
In the present study an accurate determination of the Faust-Henry coefficients in-
cluding the temperature dependence was reported. Based on the obtained Raman
scattering intensities, the Faust-Henry coefficients in wz-GaN were deduced. How-
ever, for each coefficient two possible solutions can be found. It was shown that the
Raman scattering efficiency of TO phonon polaritons enables to assign one solution
of the Faust-Henry coefficients unambiguously.
For this purpose, theoretical expressions of the Raman scattering efficiency for arbi-
trary directions of phonon polaritons in uniaxial crystals were derived. In the limit
of large wavevector magnitudes, the equations describe the behavior of the polar
phonons.
A novel experimental near-forward scattering setup was developed using an ad-
justable rectangular window in front of the entrance lens. This setup enables mea-
surements of phonon polaritons of defined E1 and A1 symmetry depending on their
wavevector. Polariton spectra of wz-GaN were recorded in different scattering ge-
ometries and polarizations. The experimental results are in accordance with the
theoretical dispersion curves depending on the transferred polariton wavevector for
ordinary and extraordinary phonon polaritons.
The experimentally determined Raman scattering intensities of the phonon polaritons
were compared with calculated intensities using the derived theoretical expressions.
The comparison excludes the solutions of the Faust-Henry coefficients with the posi-
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tive sign. The three Faust-Henry coefficients in wz-GaN are therefore CFHa = -3.46,
CFHb = -3.81, and C
FH
c = -2.31.
Using the determined Raman scattering cross sections and the obtained Faust-
Henry coefficients, the Raman tensors for wz-GaN relative to the tensor element of
the nonpolar E2,high phonon were calculated taking the dependence of the Raman
scattering efficiency on the phonon frequencies into consideration.
Summarizing all these findings, a full description of the phonon polariton Raman
scattering efficiency in wz-GaN was provided. In general the derived scattering effi-
ciency expressions are valid for all uniaxial crystals with wurtzite structure.
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